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Abstract

Annealing of 0.1 at.% La-doped SrTiO3(1 0 0) under reducing conditions (pO2 6 10
�8 mbar) between 1000 and 1300

�C for 2 h leads to the formation of islands, which coalesce yielding agglomerates with characteristic dimensions of
several micrometers after 40 h. Microscopic (scanning electron microscopy, scanning tunneling microscopy) and

spectroscopic techniques (metastable impact electron spectroscopy, ultraviolet photoelectron spectroscopy, scanning

tunneling spectroscopy, depth profile Auger electron spectroscopy) were used to reveal the reaction mechanism. Under

these experimental conditions the sublimation of titanium from the surface takes place. The islands contain only Ti (40

at.%) and O (60 at.%). They show metallic-like behaviour and consist of Ti2O3. The island formation results from the

creation of oxygen vacancies on the surfaces followed by a Ti depletion in the surface region up to a depth of about

8 nm.
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1. Introduction

The surfaces of SrTiO3 single crystals have been

investigated previously because of their relevance

in sensor applications, in photocatalysis, as sub-

strates for the epitaxial growth of high-Tc super-

conductors or as dielectric gate in silicon-based

electronic devices [1–7]. During the heat treatment

of SrTiO3 single crystals in an oxygen rich atmo-

sphere the appearance of SrO phases has been

reported [5,8–11]. This SrO formation is observed

for donor doped, undoped and acceptor doped

SrTiO3(1 0 0) surfaces for different dopant con-
centrations.

The mechanisms leading to Sr enhancement on

SrTiO3 surfaces were described within the frame-

work of point defect chemistry formalism: the

Schottky equilibrium requires the product of Sr
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vacancies and oxygen vacancies to be constant at a

certain temperature. Under oxidizing conditions,

the ambient atmosphere acts as an oxygen source

providing a low oxygen vacancy concentration in

the bulk and, according to the Schottky equilib-

rium, a large number of Sr vacancies (see [12] and
references therein). This Sr vacancy formation in

the bulk results in a Sr enrichment on the surface

leading to the observed SrO island formation and

to the desorption of Sr from the surface [9].

In contrast, under reducing conditions the for-

mation of TiOx phases (16 x6 2) appearing on
undoped SrTiO3(1 0 0) surfaces at about 1000 �C
after 20 h was reported [5,8]. On undoped
SrTiO3(1 1 0) also Ti-rich metallic phases have

been observed appearing at temperatures between

800 and 1200 �C [13].
Very recently, a number of reconstructions were

reported by M. Castell which appear during the

very first stage of island formation on weakly

donor doped SrTiO3(1 0 0) surfaces heated under

vacuum conditions [14]. These reconstructions re-
sult in the formation of nanolines and nanodots

after prolonged heating [15] which constitute the

first steps in the formation of nanocrystalline

islands as will be shown later.

A consistent model explaining both the obser-

vations for oxidizing and reducing conditions is still

lacking. It is the aim of this work to extend the

available investigations for donor doped SrTiO3
surfaces annealed under vacuum conditions by

combiningmicroscopic and spectroscopicmethods.

Secondary electron microscopy (SEM) and

scanning tunneling microscopy (STM) are applied

to investigate the changes of the surface structure

during heating. STM is limited to fields of view

below about 4 lm and island heights below 150 nm.
SEM provides a lateral resolution of about 500 nm
and a field of view up to 100 lm. The combination
of both techniques gives us the opportunity to in-

vestigate a wide range of island sizes.

Auger electron spectroscopy (AES), metastable

impact electron spectroscopy (MIES), ultraviolet

photoelectron spectroscopy (UPS), and scanning

tunneling spectroscopy (STS) are applied to in-

vestigate the chemical composition and the elec-
tronic structure of the surface. AES, combined

with SEM in the same apparatus, provides fur-

thermore depth profile analysis due to its combi-

nation with a sputter gun. It allows spot analysis

with lateral resolution of about 2–3 lm. MIES and
UPS have already provided information about the

surface density of states (SDOS) and the bulk

density of states (BDOS) of SrTiO3(1 0 0), respec-
tively [16]. MIES is an extremely surface sensitive

technique because the resulting electron emission

is caused by the interaction of the He� atoms with

the outermost part of the wave functions of the

surface [17,18]. STS, being combined with STM,

also provides information on the outermost part of

the surface wave functions, but with lateral reso-

lution. STS provides information on the occupied
and unoccupied states of the surface. However,

STS is restricted to a range of about �4 eV around
the Fermi level [19].

2. Experimental

The measurements have been performed in
three different apparatuses. AES and SEM are

performed in an ultrahigh vacuum chamber with a

base pressure of 2� 10�10 mbar. It is equipped
with a commercial AES/SEM system (Physical

Electronics) and a sputter gun for depth profile

analysis. MIES and UPS experiments are per-

formed in a second apparatus which has been de-

scribed in detail previously [20]. It provides a base
pressure of 2� 10�11 mbar. Besides the hemi-
spherical analyzer (VSW HA 100) it consists of a

He� source with a time-of-flight technique to sep-

arate electrons emitted by He� (MIES) and HeI

(UPS) interaction with the surface. Therefore,

MIES and UPS spectra are collected simulta-

neously [20]. The spectra are recorded with a reso-

lution of 250 meV under normal emission within
100 s. The angle of incidence for the mixed He�/

HeI beam is 45�. The MIES and UPS spectra are
displayed as a function of the electron binding

energy referring to the Fermi level, although this is

ambiguous for MIES spectra not resulting from

the Auger deexcitation (AD) process [17]. STM

and STS measurements are performed in a third

apparatus with a base pressure of 4� 10�10 mbar
in its microscope chamber and below 1� 10�9
mbar in its main chamber. It is equipped with a
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commercial AFM/STM system (Omicron AFM/

STM).

Polished 0.1 at.% La-doped SrTiO3(1 0 0) crys-

tals (Crystec) with a size of 10� 10� 1 mm3 for
spectroscopic measurements and 5� 5� 0:5 mm3
for microscopic measurements were investigated.
All crystals were heated to about 800 �C at pres-
sures below 1� 10�8 mbar for 10–30 min prior to
the investigations, thus removing surface contam-

inants completely. The surface cleanness was

checked by XPS and MIES measurements. The

target temperature was controlled by a commercial

optical pyrometer (Impac IGA 120) through view

ports in all cases.
The heating procedures in the STM/AFM and

the MIES/UPS apparatus are reproduced with a

precision of �10 �C. AES/SEM measurements

were performed on crystals being heated either in

the MIES/UPS apparatus or in the STM/MIES

apparatus. This may cause possible alterations of

the surface conditions due to the ex situ transport.

All analyses and characterizations were performed
at room temperature.

3. Results

During all heating procedures inside the MIES/
UPS apparatus molybdenum targets were moun-

ted opposite to our samples in a distance of several

cm. Subsequent Auger analysis of these Mo plates

showed that Ti sublimated from the SrTiO3 sur-

faces. Sr could not be found at all. We are not able

to quantify the amount of Ti desorbed from the

SrTiO3 surfaces.

Fig. 1 shows a STM picture (500� 500 nm2) of
the 0.1 at.% La-doped SrTiO3(1 0 0) surface heated

at 1000 �C for 5 h under reducing conditions

(pressures below 1� 10�8 mbar). The step heights
are about 3 �AA (60%), 6 �AA (30%) and 9 �AA and

higher (10%). These heights do not correspond to

the step height of SrTiO3 in [0 0 1] direction [21].

Szot et al. reported the formation of TiOx

(16 x6 2) phases on such surfaces. We therefore
attribute the observed step heights to these phases

as TiO2 would display a step height of 2.96 �AA [21].
The step density amounts to about 100 nm�1

corresponding to a miscut angle of about 0.25�.

On top of the surfaces, some islands appear (white

spots) with typical sizes between 10 and 20 nm.

The islands cover (7� 1)% of the surface.
Fig. 2 shows a STM picture (2000� 2000 nm2)

of the SrTiO3(1 0 0) surface held at 1300 �C for
25 h. The number of islands has drastically in-

creased as compared to Fig. 1. The island size

varies typically between 20 and 200 nm. Larger

islands appear also, but could not be analyzed in

detail applying STM due to its limitation to step

heights below 150 nm. The steps on the surface

are not well resolved because of the large island
heights.

Fig. 3 shows (on the left-hand side) an SEM

image (100� 100 lm2) of the SrTiO3(1 0 0) surface
held at 1300 �C for 40 h (denoted by (a)). Most of
the small islands observed for shorter heating (see

Figs. 1 and 2) have agglomerated forming large

islands. On this surface in situ AES analysis was

performed at the spot positions indicated in the
SEM image. All AES spectra are weighted by the

respective sensitivity factors of Sr, Ti, O and La.

The depth profile analysis (Fig. 3(b)) performed

between the islands clearly shows a Ti depletion in

the surface region. At a depth of about 8 nm the

Fig. 1. STM image (500� 500 nm2) for 0.1 at.% La-doped

SrTiO3(1 0 0) heated at 1000 �C for 5 h under reducing condi-
tions; gap voltageþ 2:5 V/tunneling current 0.5 nA.
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chemical composition reaches the stoichiometric

composition of SrTiO3. Fig. 3(c) shows the AES

measurement performed on the islands as indi-

cated in Fig. 3(a). In contrast to (b) it shows al-

most no contribution from Sr, but Ti and O are

found (the positions where Sr peaks should appear

are marked in Fig. 3(c)). We estimated the stoi-
chiometry of these islands taking into account the

respective sensitivity factors and found them to

consist of (39:1� 1:5) at.% Ti and (60:9� 1:5)
at.% O, which suggests that the islands consist of

Ti2O3.

Fig. 4 shows MIES (a) and UPS (b) spectra of

the SrTiO3(1 0 0) surface heated at 1000 �C as in-
dicated. The surface work function, which can be

derived from the low energy onset in the UPS

spectra, is 4.2 to 2.4 eV after heating. As is shown

in [16], the MIES spectrum is mainly due to Auger

neutralization (AN) involving O 2p and Ti 3d

electrons. The large peaks at high binding energies

are caused by secondary electrons and in MIES

additionally by AN involving two O(2p) electrons;
this part of the spectrum will not be discussed here.

Because the Ti3þ 3d species form a rather narrow

band, the MIES spectrum in the range 46EB6 9
eV is rather similar to an AD spectrum, but shifted

to higher binding energies by 1.2 eV [16]. In order

to compare MIES, UPS and STS, the MIES

spectra of Fig. 4(a) are shifted towards lower

binding energies by this value.
The spectra for the unheated crystal are identical

with the MIES [16] and UPS [11,16,22] spectra for

SrTiO3(1 0 0). It has been shown previously, that

Ruddlesden–Popper phases Srnþ1TinO3nþ1(1 0 0)

(16 n6 3) show MIES and UPS spectra that are
very similar to the ones for SrTiO3(1 0 0) surfaces

[11]. The prominent structures at EB ¼ 5:2 eV in
MIES and EB ¼ 5:0 and 7.1 eV in UPS are due to
the electron emission from O(2p). In addition, both

MIES and UPS show the development of a peak at

the Fermi level. In MIES it is found at a binding

energy of EB ¼ 0:6 eV. In UPS the peak appears to
consist of a doublet EB ¼ 0:6 and 1.2 eV as visible
in the inset, although the evaluation is ambiguous

due to the statistics of the data. The peaks have

saturated already after 5 h at 1000 �C. The UPS
peak at EB ¼ 1:0 eV was attributed previously to
occupied Ti 3d orbitals at Ti3þ 3d reduced cations

of the bulk [22,23]. SrTiO3(1 0 0) surfaces without

islands did not show contributions below EB � 3
eV with MIES [16]. We therefore attribute the

MIES and UPS peak at EB ¼ 0:6 eV to the islands
seen with STM. From the relative peak areas we

estimate that the island coverage of the surface is
about 5%; from STM images a value of about 7%

was obtained (see Fig. 1).

Fig. 2. STM image (2000� 2000 nm2) for 0.1 at.% La-doped
SrTiO3(1 0 0) heated at 1300 �C for 25 h under reducing con-
ditions; gap voltageþ 1:5 V/tunneling current 0.5 nA.
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Fig. 5 shows STS spectra (I=V curves (a) and
dI=dV curves (b)) observed from a region be-

tween the islands and from islands as shown in

Fig. 2. Similar spectra are found for all investi-

gated 0.1 at.% La-doped and undoped SrTiO3-

(1 0 0) surfaces heated under reducing conditions

for different durations. The results are compared
with those for the clean unheated 0.1 at.%

La-doped SrTiO3 (1 0 0) surface prior to any an-

nealing procedure. The spectrum for the pure

surface corresponds well to the pure SrTiO3 sur-

face: it shows a band gap of 3.2 eV and its Fermi

level is pinned to the conduction band minimum

due to the donor doping and intrinsic Schottky

defects [24]. The weak intensity between about
)0.1 and )2 eV is apparently induced by occu-
pied Ti 3d orbitals resulting from defects [16].

Nevertheless, the conductance spectrum (Fig.

5(b)) shows, that this surface is insulating because

dI=dU ¼ 0 at the Fermi level (U ¼ 0). Between
the islands also an insulating behaviour is ob-

served with a band gap of 3.2 eV between the

valence band maximum and the Fermi level. In

contrast, STS from the islands shows metallic

behaviour as can be seen from the fact, that IðUÞ
crosses the Fermi level with a finite slope. We

therefore assume that the MIES signal visible at

EF is induced by these islands. From the AES

measurements it was found that the large islands

possess the stoichiometry of Ti2O3 which exhibits

occupied Ti 3d orbitals near EF. These islands are
responsible for structures near EF in MIES and
STS. We therefore assume that all observed is-
lands consist of Ti2O3.

The same kind of microscopic and spectro-

scopic measurements were also performed for

Fig. 3. SEM image (1000� 1000 nm2) (a) and AES spectra for 0.1 at.% La-doped SrTiO3(1 0 0) heated at 1300 �C for 40 h under
reducing conditions; the AES depth profile analysis (b) and the AES spectrum (c) are recorded at the indicated positions.
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undoped SrTiO3(1 0 0). The results are similar to

those for 0.1 at.% La-doped SrTiO3(1 0 0).

4. Discussion

The appearance of SrO complexes on top of
donor doped SrTiO3(1 0 0) surfaces at elevated

temperatures under oxidizing conditions has been

analyzed in detail previously by Szot et al. [5,8,9].

It can be understood within the framework of a

point defect chemistry description (see [12] for an

introduction). Because of the high oxygen partial

pressure p(O2) in ambient atmosphere oxygen va-
cancies will not be present at sufficiently high
temperature. Therefore, the donor D� will almost

completely be compensated by strontium vacan-

cies V00
Sr [24,25] (we will apply the notation of

Kr€ooger and Vinck [26] to describe defects) [12]:

2 � ½V00
Sr � ½D� ð1Þ

In contrast, under reducing conditions the number
of oxygen vacancies V��

O will be very high because

of the low ambient pðO2Þ:
Ox
O ! V��

O þ 2e0 þ 1
2
O2 " ð2Þ

(Ox
O denotes an oxygen atom on a regular lattice

site.)

(1 0 0) oriented SrTiO3 single crystals consist of

alternating layers of SrO and TiO2. The crystal

surfaces are terminated by TiO2 either completely

[27] or at least to about 80% [28,29] in order to

minimize their surface energy [30]. Heating un-
doped SrTiO3(1 0 0) surfaces in ultrahigh vacuum

results in the formation of a completely TiO2 ter-

minated surface and the formation of oxygen va-

cancies at the surface [14,27,31]. These vacancies

produce a UPS peak at a binding energy of

EB ¼ 1:3 eV [27,31] which is due to the peak cen-
tered at EB ¼ 1:2 eV in our UPS data. For

TiO2(1 0 0) surfaces the formation of oxygen va-
cancies at elevated temperatures is also well known

[22].

We assume that on TiO2 terminated

SrTiO3(1 0 0) surfaces the formation of oxygen

vacancies leads to the formation of Ti vacancies

and herewith a Schottky-like disorder in the

SrTiO3 lattice. The Ti vacancy formation is re-

sponsible for the observed sublimation of Ti from
the surface.

This assumption is able to explain the observed

Ti2O3 enrichment on top of the SrTiO3(1 0 0)

Fig. 4. MIES (a) and UPS (b) spectra for 0.1 at.% La-doped SrTiO3(1 0 0) heated at 1000 �C under reducing conditions.
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surfaces as well as the Ti sublimation from the

surface:

3TixTi þ 6O
x
O ! 3V0000

Ti þ 6V��

O þ 3
2
O2 "

þ Ti2O3 þ Ti " ð3Þ
The metallic behaviour of the islands as observed

withMIES and STS results from the occupied Ti 3d

level of Ti2O3. The Ti depletion reaches about 8 nm

into the crystal as shown by the AES results in Fig.

3(b). On the surface Ti2O3 complexes seem to be

mobile, thus agglomerating to large islands during

prolonged heating. Nevertheless, MIES and STS

peaks from these islands display rather different

features: the MIES peak located at EB ¼ 0:6 eV

Fig. 5. STS spectra (I=V ) (a) and conductance spectra (dI=dV ) (b) from a clean SrTiO3(1 0 0) surface and from regions of the heated
0.1 at.% La-doped SrTiO3(1 0 0) surface between the islands and on top of the islands in Fig. 2.
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possesses a FHWM of about 2 eV. In contrast, the

peak in dI=dU at EF is only about 0.2 eV wide. This
difference is not understood up to now and requires

additional studies.

Recently Castell has published results from 0.5
at.% Nb-doped SrTiO3(1 0 0) surfaces heated up to

1400 �C under ultrahigh vacuum conditions. He

observed several reconstructions during the dif-

ferent heat treatments. Heating the crystal up

to 870 �C leads initially to nanolines in zig-zag
or square configuration. Further annealing trans-

forms the nanolines to nanodots and at tem-

peratures above approximately 1200 �C these
nanostructures disappear and a c(4� 2) recon-
structured surface [14,15] emerges. We assume that

these nanostructures represent the first step in the

formation of the islands observed here. Obviously

the well-structured nanostructures agglomerate

during prolonged heating.

5. Summary

Under reducing conditions (below 1� 10�8
mbar) on 0.1 at.% La-doped SrTiO3(1 0 0) single

crystal surfaces islands are formed consisting of

titanium (40 at.%) and oxygen (60 at.%) at tem-

peratures between 1000 and 1300 �C. Further-
more, the sublimation of Ti from these surfaces
under these conditions is observed.

Ti2O3 is agglomerated in large islands (typical

sizes of several lm) showing metallic-like character
due to its occupied Ti 3d orbitals, while Ti deple-

tion between the islands is found. From depth

profile analysis a depletion zone of about 8 nm is

found underneath the surface before the bulk

reaches its stoichiometric composition.
We propose a mechanism accounting for the

influence of surface oxygen vacancies produced

under reducing conditions at elevated tempera-

tures. These vacancies lead to the reduction of Ti

and the formation of Ti vacancies. The excess Ti

sublimates or forms Ti2O3 crystallites at the surface.
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