
Abstract SrTiO3(100) single crystals with high donor
dopant concentrations (5 at% La) were annealed at 1000 °C
for up to 150 h in ultrahigh vacuum (UHV). By applying
scanning tunneling microscopy (STM) nanostructures
are observed on top of the surface with typical diameters
of 20 nm and typical heights of 8 nm. To characterize their
electronic structure and chemical composition, the surface
was analyzed by metastable impact electron spectroscopy
(MIES), ultraviolet photoelectron spectroscopy (UPS),
scanning tunneling spectroscopy (STS), and depth profil-
ing Auger electron spectroscopy (AES). Investigations of
the stoichiometry suggest that the secondary phases con-
sist of LaTiO3. We present a defect chemistry model
which attempts to explain the observed effects.

Keywords SrTiO3 · LaTiO3 · MIES · UPS · AES · STM ·
STS

Introduction

Strontium titanate (SrTiO3) single crystals have been the
subject of numerous investigations because of their rele-
vance in sensor applications, photocatalysis, and as a sub-
strate for high-Tc superconductors [1, 2, 3, 4, 5]. SrTiO3
crystallizes in the cubic perovskite structure with a lattice
constant of 3.9 Å and formal ionic charges of Sr2+, Ti4+,
and O2–. In the [001] direction the crystal consists of al-
ternating TiO2 and SrO layers. Therefore only two charge-
neutral types of termination are possible: SrO and TiO2.
One would expect both types to be found as top layer, but

annealing the polished surface in ultrahigh vacuum results
predominantly in a TiO2 termination [6, 7, 8, 9].

Thermal treatment under oxidizing conditions (air or
oxygen atmosphere) leads to the formation of SrO-en-
riched phases on top of the surface [5, 10, 11, 12, 13, 14].
The underlying process leading to the Sr enrichment is
discussed within the framework of point defect chemistry
formalism.

The crystals were grown under reducing conditions.
On annealing they are oxidized, the number of oxygen va-
cancies and dislocated electrons is strongly reduced, and
the donor dopant compensation mechanism changes to Sr
vacancy compensation leading to the diffusion of Sr va-
cancies into the crystal [15, 16]. The excess Sr segregates
to the surface and is incorporated in Ruddlesden–Popper
phases (SrO·nSrTiO3) in the near surface region and SrOx
phases on top of the surface [14]. The extent of phase for-
mation increases with the dopant concentration.

In contrast, annealing 0.1 at% La-doped SrTiO3 single
crystals in UHV leads to the formation of Ti2O3 islands on
top of the surface by reducing Ti4+ partly to Ti3+ [17].
These islands are found to agglomerate to large islands
during prolonged heating with typical sizes of several µm.
It is the aim of this work to extend the investigations to
highly doped SrTiO3(100) surfaces heated under reducing
conditions in ultrahigh vacuum combining spectroscopic
and microscopic methods.

Experimental

The measurements were performed in three different apparatuses:
metastable impact electron spectroscopy (MIES) and ultraviolet
photoelectron spectroscopy (UPS HeI) were executed in an UHV
chamber with a base pressure of 2×10–11 mbar. It contains a He*/
HeI source with a time-of-flight technique to separate the primary
He* (MIES) and HeI (UPS) beam prior to the interaction with the
surface. MIES and UPS spectra are collected simultaneously in a
hemispherical analyzer (VSW HA 100) with a resolution of 250 meV
under normal emission within 100 s [18]. The angle of incidence
for the mixed He*/HeI beam is 45°. MIES and UPS provide infor-
mation about the electronic structure, more precisely about the sur-
face density of states (SDOS) and the bulk density of states (BDOS),
respectively. The thermal kinetic energy of the metastable He*
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atoms, mostly He*(23S) state, is not sufficient to penetrate into the
surface. The resulting electron emission is based on the interaction
of the He*(1 s) wavefunctions with the outermost part of the wave-
functions of the surface. Details concerning the He–surface inter-
action are published in reviews by Morgner [19] and Harada et al.
[20]. Thus, MIES is an extremely surface-sensitive technique. The
MIES and UPS spectra were displayed as a function of the electron
binding energy referring to the Fermi level (EF), although this is
ambiguous for MIES spectra not resulting from the Auger de-exci-
tation (AD) process [18].

Auger electron spectroscopy (AES) was performed in a
Perkin–Elmer PEM 595 Auger microprobe equipped with an Ar
ion sputter gun for depth profile analysis. It allows spot analysis
with a lateral resolution of 1 µm. The AES depth profiles shown
here were weighted by the respective sensitivity factors of Sr, Ti,
O, and La and yield information on the chemical composition of
the restructured surface. The sputter rate was calibrated by using a
certified 1000 Å thick Ta2O5 layer on top of a Ta sample.

Scanning tunneling microscopy (STM) and spectroscopy (STS)
measurements were carried out using an Omicron AFM/STM at-
tached to a third UHV system with a base pressure of 4×10–10 mbar
in its microscope chamber and below 1×10–9 mbar in the main
chamber used for annealing. STM was used to investigate the
changes of the surface topography during the thermal treatment.
STS in combination with STM provides laterally resolved infor-
mation on the occupation of the surface states, thus allowing to in-
vestigate the electrical conductivity. STS is restricted to a range of
about ±4 eV around the Fermi level. The combination of STM/STS
and MIES/UPS provides microscopic and spectroscopic informa-
tion over a wide range of binding energies.

Polished 5 at% lanthanum-doped SrTiO3(100) single crystals
(Crystec, Germany) with a size of 10×10×1 mm3 for the spectro-
scopic measurements and 5×5×0.5 mm3 for the microscopic mea-
surements were investigated. To remove surface contaminations
completely the crystals were heated for up to 20 h at 700 °C both in
the MIES and the STM chamber. The target temperature was in
both experiments monitored with an Impac IGA 120 pyrometer,
rendering a temperature reproducibility between the different ap-
paratuses of ±10 °C. The AES measurements were performed on
crystals being annealed in the MIES/UPS system. Although the
sample transfer was performed immediately, this most likely causes
surface contaminations during the ex situ transport. The contami-
nation however does not affect the depth profile analysis, as it is
restricted to the top layer.

During all heating experiments inside the MIES/UPS appara-
tus, molybdenum targets were mounted opposite to the sample sur-
face at a distance of about 3 cm. Subsequent Auger analysis of
these targets showed adsorbed Ti. Sr could not be found. We are
not able to quantify the amount of the sublimated Ti.

Results

Figure 1 shows a STM image (100×100 nm2) of the SrTiO3
surface, heated at 1000 °C for 150 h together with a line
scan. The surface is covered by a large number of islands
with typical diameters of 20 nm and heights of 8 nm which
are randomly distributed over the entire surface. In contrast
to low dopant concentrations, the nanostructures on single
crystals with high dopant concentration do not agglomerate
even after heating for 150 h. The surface is covered with is-
lands to about 30%. At shorter heating durations the islands
have comparable sizes but their number is smaller.

Figure 2 shows a second STM picture (10×10 nm2) of
the surface region between the islands. Numerous steps
are visible with step heights of 2, 4, and 8 Å, correspond-
ing well to 0.5, 1, and 2 lattice spacings of SrTiO3 in the
[001] direction. From our current results the domain

structures like the flat (1×2) and (2×1) domains reported
recently by Erdman et al. on SrTiO3(100) (99.95% pure)
surfaces annealed at 950–1000 °C in an oxygen flow [21]
could not be found on crystals heated under reducing con-
ditions. This is likely due to the different atmospheres
during the annealing processes.

Figure 3 shows the AES depth profile analysis of this
sample. The lateral resolution of the AES is not sufficient
to separate the nanostructures and the surrounding surface
region. Hence, considering the above results on average
island coverage and heights, the first 8 nm of the depth
profile should contain contributions from the islands to
about 30% and from the uncovered surface to about 70%.
The very high O and low Sr and Ti values at the surface
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Fig. 1 STM image (100×100 nm2) of 5 at% La-doped SrTiO3(100)
annealed at 1000 °C for 150 h; gap voltage –1 V/tunneling current
0.5 nA. The graph shows the line profile corresponding to the
white line in the image



are presumably related to the contributions of oxygen-
containing surface contaminants like CO2 due to the ex
situ sample transport. Below 10 nm the depth profile
shows an almost constant composition which is close to
the starting bulk composition of Sr0.95La0.05TiO3. Thus,
only the region between 2 and 10 nm of the depth profile
will be discussed here. The Ti concentration increases
from 16 at% at 2 nm to 23 at% at 10 nm. La and O show a
contrary behavior. La decreases from 3.3 to 1 at%, and O
from 61 to 54 at%. The Sr concentration varies between
14 and 16.5 at% but shows no clear behavior.

The MIES and UPS spectra in Fig. 4 show the same
surface heated at 1000 °C for different durations as indi-
cated with the spectra. The surface work function, which
can be derived from the low energy onset in the UPS

spectra, corresponds to 2.7 eV. In addition to the sec-
ondary electron contributions beyond a binding energy
(EB) of 10 eV, the MIES spectrum of SrTiO3(100) surfaces
is mainly caused by an Auger neutralization (AN) process
involving O2p and Ti3d electrons [22]. The Ti3+3d species
form a rather narrow band, so the MIES spectrum be-
tween 9 eV ≤ EB ≤ 4 eV is similar to an AD spectrum, but
shifted towards higher binding energies by 1.2 eV. In or-
der to compare MIES, UPS, and STS the MIES spectra in
Fig. 4 are shifted towards lower binding energies by this
value. With the exception of the contributions between 
3 eV and 0 eV, the spectra are similar to MIES and UPS
[22, 23] spectra of SrTiO3(100) surfaces. The prominent
features around EB=5.2 eV in MIES and EB=5.0 eV and
7.1 eV in UPS are produced by the electron emission from
O(2p). Additional small peaks are observed at EB=0.5 eV
in MIES and EB=1.0 eV in UPS. These features are caused
by the electron emission from the islands.

Figure 5 shows STS spectra (I/V and dI/dV) of the is-
lands and of the surrounding uncovered surface compared
to a clean and undoped SrTiO3(100) surface. Similar spec-
tra are found for all investigated 5 at% SrTiO3(100) sur-
faces annealed under reducing conditions for different du-
rations. A band gap of 3.2 eV is observed and its Fermi
level is pinned to the conduction band minimum due to its
intrinsic Schottky defects [21]. The small peaks between
about –0.1 eV and –2 eV are apparently caused by occu-
pied Ti3d orbitals resulting from defects like reduced Ti
lattice ions (Ti′Ti) [22]. Nevertheless, the conductance
spectrum clearly indicates that this surface is insulating
because the curve approximates zero at the Fermi level
(U=0). The spectrum of the surface between the islands
also shows an insulating character (band gap of about
3.6 eV). In contrast, STS of the islands yields different be-
havior due to the corresponding curve being non-zero at
the Fermi level. We therefore assume that the weak MIES
peak observed at EB=0.5 eV for this sample (see Fig. 4b)
is caused by the density of states (DOS) of the islands.
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Fig. 2 STM image (10×10 nm2) of 5 at% La-doped SrTiO3(100)
annealed at 1300 °C for 25 h; gap voltage –0.1 V/tunneling current
0.5 nA. The graph shows the line profile corresponding to the
white line in the image

Fig. 3 AES depth profile analysis of 5 at% La-doped SrTiO3(100)
annealed at 1000 °C for 72 h
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Discussion

The formation of Ti2O3 islands on 0.1 at% La-doped 
SrTiO3(100) surfaces under reducing conditions has been

discussed previously [17]. During the heating procedure
oxygen vacancies are created at the surface partly leading
to the reoccupation of Ti3d orbitals, which are found in
the UPS spectra. These vacancies cannot be refilled due to
the low oxygen partial pressure p(O2) of the UHV. This
leads to the formation of Ti vacancies and Ti2O3 islands at
the surface. The islands agglomerate to large islands and
show a metallic-like behavior [17].

Aside from the contributions just below the Fermi level,
the MIES and UPS spectra of the 5 at% La-doped crystals
investigated here resemble the ones of unheated SrTiO3(100).
This means that the observed small contributions just be-
low EF are most probably related to the islands. These
peaks are, as well as the metallic-like character determined
with STS, quite weak compared to the observations on
weakly doped SrTiO3(100) surfaces. These show strong
peaks below EF even for lower island coverage that were
attributed to the formation of Ti2O3 [17]. Hence, the islands
on the 5 at% La doped samples have a different, most prob-
ably less conducting electronic structure.

The AES depth profile shows a Sr depletion in the top
10 nm corresponding to the observed island heights of
typically 8 nm. If the stoichiometry of SrTiO3 is largely
preserved and the surface is covered to about 30% by is-
lands which do not contain Sr, the Sr concentration ob-
tained in the top 10 nm should be about 14 at%, corre-
sponding well to the measured values. We therefore con-
clude that the observed La enrichment is due to the La in-
corporation into the islands. From the depth distribution
of La, O, and Ti we gather that the outer shell of the is-
lands consists most probably of La, Ti, and O, whereas the
core of the islands is composed of reduced TiOx, similar
to the findings on less doped SrTiO3.

Four stable stoichiometric compounds are known in
the La–Ti–O system [21]:

La2/3TiO3, LaTiO3, La2Ti2O7, and La5Ti5O17

Ti3+3d occurs only in LaTiO3. In all other stoichiometries
Ti4+ is found. It is likely to attribute the STS and MIES re-
sults presented above, showing electron density around the
Fermi level, to occupied Ti3+3d orbitals. This suggests that

Fig. 4 MIES (a) and UPS (b)
spectra of 5 at% La-doped 
SrTiO3(100) annealed at 
1000 °C for different durations
as indicated

Fig. 5 STS (I/V) (a) and (dI/dV) (b) spectra of different surface 
regions and nanostructures of the annealed 5 at% La-doped 
SrTiO3(100) crystal shown in Fig. 1. A STS spectrum of the sur-
face of clean, unheated, and undoped (pure) SrTiO3(100) is shown
for comparison
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the observed islands consist at least partly of the perovskite
LaTiO3, which possesses a crystal structure similar to SrTiO3
with a lattice constant of 3.92 Å instead of 3.91 Å [24]. We
are not aware of valence band spectra of LaTiO3 but we as-
sume the DOS to be quite similar to SrTiO3 because of the
same lattice structure with the exception of the occupied
Ti3d orbitals. This would explain why the MIES spectra be-
yond EB=3 eV are quite similar to SrTiO3(100) spectra al-
though about 30% of the surface are covered by LaTiO3.

The formation of LaTiO3 islands can be discussed us-
ing a defect chemistry model: the Schottky equilibrium
requires the product of oxygen and strontium vacancy
concentration to be constant at a given temperature:
[
V••

O

] [
V′′

Sr

] = c1 (1)

The intercalation of the La dopants may be written as:

2La2O3 + 3Srx
Sr → 2La•

Sr + 3SrO ↑ +V′′
Sr (2)

[
Srx

Sr

]
remains approximately constant. So the law of mass

action can be deduced as:
[
La•

Sr

]2 [
V′′

Sr

] = c2 (3)

During annealing in UHV, oxygen vacancies are produced
which cannot be refilled from the surrounding atmo-
sphere. Equation 1 requires the Sr vacancy concentration
to decrease accordingly. Because no free Sr is available,
this is not feasible. But alternatively, following from the
combination of Eqs. 1 and 3, the increase of the O va-
cancy concentration may also be compensated by an in-
crease in the La concentration.
[
V••

O

] [
V′′

Sr

]

[
La•

Sr

]2 [
V′′

Sr

] =
[
V••

O

]

[
La•

Sr

]2 = c1

c2
= constant (4)

This explains the La segregation in highly doped crystals.
As annealing for longer than 150 h does not lead to further
changes in the electronic or geometric structure of the sur-
face, we assume that the surface is at that time up to a suf-
ficient depth in equilibrium with the atmosphere.

A second process to compensate for the oxygen vacan-
cies and reduce the electron concentration in the crystal is
to reduce Ti4+ cations:

Tix
Ti + ne′ → Tin′

Ti (n = 1, 2, 3) (5)

Tix
Ti + 4 · e′ ↔ Vi′′′′Ti + Ti ↑ (6)

This could explain the desorption of Ti from the surface
as well as the reduced Ti phases found in islands on
weakly doped crystals as well as in the island cores on the
strongly doped crystals.

The observation that the islands do not agglomerate
even after annealing for 150 h indicates that the island for-
mation may have started at surface defects fixed in their
positions. Further experiments will be performed address-
ing this question.

Summary

Under reducing conditions (total pressure below 1×10–8 mbar)
on 5 at% La-doped SrTiO3(100) single crystal surfaces the

formation of islands is observed at temperatures between
1000 °C and 1300 °C. These islands have typical diame-
ters of 20 nm and heights of 8 nm.

Furthermore, an enrichment of La and Ti is found at the
surface which can be attributed to the islands. Oxygen vacan-
cies produced on top of the TiO2-terminated SrTiO3(100)
surfaces segregate into the crystal. These vacancies are
compensated by the segregation of La to the surface and
the reduction of Ti. Excess Ti and La form islands at the
surface which most probably consist of LaTiO3 at the sur-
face and reduced Ti–O phases in the core. These islands
do not agglomerate even after prolonged heating. Most
probably they are fixed at surface defects. Also the de-
sorption of Ti from the surface is found.
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