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Atomic and electronic surface structures of dopants in oxides:
STM and XPS of Nb- and La-doped SrTiO3(001)
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High resolution X-ray photoelectron spectroscopy (XPS) was performed on the (001) surfaces of Nb-doped and
La-doped single crystals of SrTiOs. For the Nb-doped samples the XPS results demonstrate that the fraction of
Ti3* ions increases with increasing Nb dopant concentration. The Nb dopants are shown to be in a 5+ ionization
state. Atomic resolution scanning tunneling microscopy (STM) images of the 0.7 at.% Nb-doped SrTiO3(001)
surface show that Nb-dopant atoms can be imaged on the surface as bright four-point square clusters. No evidence
of Nb segregation to the (001) surface was found under ultrahigh vacuum (UHV) annealing. However, UHV
annealing of the 0.7 at.% La-doped SrTiO3(001) samples at 1400 °C for 1 h resulted in La surface segregation
as determined by Auger electron spectroscopy. STM on these samples shows that the segregated La results in

La-rich linear surface structures.
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I. INTRODUCTION

Interest in the doped perovskite SrTiO5 has been stimulated
by its photocatalytic properties,' use as an anode in solid oxide
fuel cells>* and in oxygen sensors,” and because of studies
showing dopant-dependent blue photoluminescence.® Recent
work has also demonstrated that SrTiOs has the potential
to be a key component material in oxide-based electronic
devices.””'? It is also a suitable substrate for the growth of thin
films'3 and epitaxial islands.'*!> Some exciting discoveries
of the electrical transport properties of the SrTiOs;-LaAlO;
interface'®!%-!8 have stimulated discussion as to whether this
enhanced conductivity may be due to La diffusion into the
SrTiO; near the interface.!%2!

Undoped SrTiO; is an insulator with a 3.2 eV band
gap. SrTiO; can be rendered conductive by doping, or by
thermal reduction (doping with oxygen vacancies), facilitating
experimental investigations that are not possible on insulating
samples. The inclusion of either Nb or La dopants in SrTiO3;
results in n-type behavior. It is believed that this occurs by the
substitution of Nb>* on a Ti** site of the single crystal, or the
substitution of La** on a Sr?* site.?>??

Eight different reconstructions have been reported on
the SrTiO3(001) surface following UHV annealing.?*>" The
prevailing model for many of these terminations is a dou-
ble layer TiO, structure,’®?° proposed by Erdman et al.**
for the (2 x 1) reconstruction. Additionally, Ar* bombard-
ment of the SrTiO3(001) surface followed by subsequent
UHYV annealing results in the formation of ordered Ti-rich
nanostructures.’>?! Extended UHV annealing gives rise to
larger Ti-rich surface structures, including TiO islands*>* and
single crystals of anatase TiO,.'*!> Although the SrTiO3(001)
surface structure has been thoroughly characterized, there are
only a few studies on the effects that the dopants have on
the electronic and atomic surface structure.** Adachi et al.
used X-ray photoemission spectroscopy (XPS) to study UHV
fractured, Ar™ bombarded SrTiO3, as well as 1 at.% Nb-doped
and 3 at.% La-doped SrTiO3(001).*> Their work confirmed
that UHV fractured samples contain Ti in the 4+ oxidation
state, while Art bombarded samples showed a significant
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Ti** peak. XPS of reduced SrTiO; has also revealed that
oxygen vacancy creation is accompanied by increases in the
amount of Ti**.#6 The work by Gunhold et al. on La-doped
SrTiO; showed that annealing samples at high temperatures
in reducing conditions for 150 h resulted in the segregation
of La to the surface region,*’ where it became incorporated in
large Ti, O3 islands. Annealing 0.1 at.% La-doped SrTiO3(001)
at 1000-1300°C for 2 h did not show significant surface
enrichment of La. In contrast, UHV annealing of 5 at.%
La-doped SrTiO3(001) between 1000—1300 °C resulted in the
formation of 20 nm diameter islands potentially consisting of
LaTiO5.*8

In contrast to SrTiO3, the effects of Nb doping in rutile
TiO, have been studied extensively, motivated by reports that
Nb doping enhances both the catalytic and photocatalytic
activity of TiO,.>* As in the case of SrTiO;, Nb atoms
substitute for the Ti cations in the crystal. Unlike SrTiOs,
NbO, forms a complete range of solid solutions with TiO,.%
Moreover, Nb atoms are reported to add shallow donor
states to the 3.06 eV band gap of rutile, 0.02-0.03 eV
below the conduction band minimum.*® Photoemission
studies on rutile TiO, (110) performed by Morris et al.’’
demonstrate a well-defined Nb photoemission peak, which
increases in intensity with rising doping levels. The authors
show that Nb is incorporated within the rutile lattice,
predominantly as Nb>T, and that the state introduced into the
band gap is associated with the corresponding Ti** ions. These
results are correlated with STM images from the Nb-doped
TiO,(110) surface. The STM images show the (1 x 1)
reconstruction of the surface and a number of distinct clusters
within this structure, each consisting of four bright spots. These
clusters are interpreted as the visualization of charge transfer
to four neighboring Ti surface atoms, which surround a Nb>*
dopant atom. Using STM to study dopants has also been carried
out on many other systems, including imaging of Li dopants
on the NiO(001) surface,®® Te and Si dopants in GaAs, 40
B dopants on a monohydride terminated Si surface [Si(100)-
(2 x 1) : H],*" and of Ni and Zn dopants in Bi,Sr,CaCu,0g 5
superconductors.*?*3

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.83.035410

MARSHALL, NEWELL, PAYNE, EGDELL, AND CASTELL

In this paper, we use XPS to determine the dopant
concentration in the surface region and to study the effects
of doping on the oxidation state of Ti in StTiO3(001). Further-
more, we show STM images of the Nb-doped SrTiO3(001)
surface, in which the electronic structure of the dopant atom
can be observed as a bright four-point cluster similar to
those shown by Morris et al. on the Nb-doped TiO,(110)
surface.’’” Lastly, we show that La-rich nanolines form on
the SrTiO3(001) surface as a result of a surface segrega-
tion of the La dopant atoms after a 1 h UHV anneal at
1400°C.

II. EXPERIMENTAL

Single crystal epi-polished SrTiO3;(001) samples were
provided by PI-KEM Ltd., UK. These crystals were supplied
with four different compositions: undoped SrTiOs3, 0.5 wt.%
Nb doped, 5.0 wt.% Nb doped, and 1.0 wt.% La doped. The
crystals were outsourced from different crystal growers but
differed only in their doping level. Although the crystals were
ordered by their wt.% doping, it is more meaningful to evaluate
their doping level as an at.% doping level of the ion that
the dopant substitutes for, i.e., for 3 at.% of Nb dopant the
stoichiometry of the crystal is SrTig ¢7Nbyg 303, for 3 at.% of
La dopant the stoichiometry of the crystal is Srg.g7Lag ¢3TiOs.
Hence the nominal chemical compositions of the samples
listed earlier are: undoped SrTiOs, 1 at.% Nb-doped SrTiOs,
10 at.% Nb-doped SrTiO;, and 1.3 at.% La-doped SrTiOs.
Doping with Nb or La at these levels renders the samples
sufficiently electrically conducting to allow STM and XPS to
be performed on them.

The samples were introduced into the ultrahigh vacuum
(UHV) preparation chamber of a JEOL JSTM4500S scanning
tunneling microscope (STM) at a base pressure of 1078 Pa.
A JEOL TM Z9043T UHV scanning electron microscope
(SEM) and Auger electron spectrometer (AES) are in a UHV
chamber attached to the JISTM4500S. The SEM was operated
at an accelerating voltage of 12 kV. The SEM electron beam
generates Auger electrons from the sample that are analyzed
using a SPECS PHOIBOS 100 hemispherical analyzer. The
signal-to-noise ratio of this system is sufficiently high so that
Auger spectra can be recorded in terms of the primary signal
without the need for differentiation or the use of a lock-in
amplifier.

High-resolution X-ray photoemission spectra were ob-
tained using an XPS spectrometer (Scienta ESCA 300)
operated at the National Centre for Electron Spectroscopy
and Surface Analysis (NCESS) at the Daresbury Labora-
tory, UK. The XPS system uses a rotating anode Al Ko
X-ray source, a seven-crystal X-ray monochromator, and
a spherical sector electron energy analyzer with a mean
radius of 300 mm and a channel plate electron detection
system. This results in an effective instrument resolution of
350 meV. The ESCA 300 has facilities for electron-beam
heating, which were used to prepare as-received samples for
analysis by heating in UHV. Peak fitting was done using
the XPSPEAK program, which determined the FWHM, peak
location, and an optimal mix of Lorentzian versus Guassian
character that best fit the data within the constraints of the
system.
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III. RESULTS

Figure 1 shows core level XPS spectra obtained from Nb-
doped and La-doped SrTiO;3. All XPS spectra were obtained
following annealing as-received samples in UHV at 650 °C
for 10-30 min. Comparing Ti peak heights to Nb peak heights
indicates that the concentration of Nb was less than the
manufacturer’s specified doping levels.*>>>" The composition
parameters of the doped SrTiO; samples were found to be
0.7 at.% instead of 1.0 at.% Nb doped, 6.0 at.% instead
of 10.0 at.% Nb doped. Comparing Sr peaks with those of
La resulted in a revision to 0.7 at.% La doped instead of
1.3 at.% La doped. From this point on, all samples will be
referred to by the experimentally determined doping levels
as those values are thought to be more reliable. Figure 1(a)
shows a broad scan XPS spectrum of the 0.7 at.% La-doped
sample with all the binding energy peaks indicated. A small
carbon contamination peak is also visible at approximately
286 eV. Our experience with XPS and AES on SrTiO3(001)
samples is that carbon contamination can only be completely
removed by annealing in UHV at temperatures around 800 °C
or above. However, these anneal temperatures give rise to
oxygen loss from the surface region and hence result in reduced
crystals. We specifically wanted to avoid this process, as
sub-stoichiometric crystals contain Ti** ions which interfere
with our interpretation of the effects of the dopants.

Figure 1(b) shows the binding energy peaks of the Ti 2p
states of the 0.7 at.% Nb-doped sample. The Nb 3d peaks
from the same sample are shown in Fig. 1(e). The Nb 3d ; core
level binding energies in Figs. 1(e) and 1(f) were measured
at 208.0 £ 0.1 eV and 207.8 £ 0.1 eV, where the listed error
refers to the accuracy of measuring energies of fitted peak
maxima. These values are the same as the Nb Sd% binding
energies in Nb,Os crystals. This indicates that Nb dopes into
StTiO; as Nb3* with the additional valence charge of the Nb
dopants distributed amongst adjacent Ti atoms as can be seen
in the XPS spectra from the highly doped 6 at.%Nb-doped
sample shown in Figs. 1(c) and 1(f). In Fig. 1(c) the Ti 2p
peak at a binding energy of 457.5 &£ 0.1 eV is associated with
the creation of Ti** ions due to the Nb dopants. A smaller
but well-defined Ti** peak is clearly visible in the expanded
spectrum for the lower dopant level [Fig. 1(b)], and is also
identified during the peak fitting.

Experiments on the La-doped sample reveal the La core
level 3d peaks depicted in Fig. 1(g). The peaks are situated at
8354 +0.1eV, 839.4 + 0.1 eV, 852.24+0.1 eV, and 856.3 +
0.1 eV which correspond to La in the 3+ state. As for the
case of Nb, the excess La valence electron is located on the
neighboring Ti ions, giving rise to a Ti** state. The Ti 2p core
level peaks corresponding to the La-doped sample are depicted
in Fig. 1(d) and are located at 459.3 & 0.1 eV for Ti**, and
4573 £ 0.1 eV for Ti*t, the latter of which is readily visible
in the magnified spectrum.

SrTiO3(001) crystal surfaces with a (/3 x +/5)-R26.6°
reconstruction can be generated by UHV annealing at
temperatures of between 1350-1450°C. This surface is
thought to be the result of phase separation in the surface
region due to high levels of oxygen depletion,** and the surface
has been modelled as an ordered overlayer of Sr adatoms.?’
Once the reconstruction has been created it can be reannealed
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FIG. 1. (Color online) An Al Ko core level XPS survey is shown for a 0.7 at.% La-doped SrTiO; sample in (a) with all the major
peaks indicated. The Ti 2p peaks for 0.7 at.% Nb-doped, 6.0 at.% Nb-doped, and 0.7 at.% La-doped SrTiO; are shown in (b)—(d). The Ti**
structure is shown in (b)-(d) expanded by a factor of 10 after subtraction of the Ti** peak. The Nb 3d peaks are shown in (e) and (f), and
the La 3d peak is shown in (g). For each spectrum the doping level is indicated in the top left-hand corner of the box, and the electronic
state that the peaks correspond to is indicated in the top right. The thin lines (colored red online) correspond to the fitted peaks over a

Shirley background.

in UHV at lower temperatures which allows the Sr adatoms to
reoxidize and form an SrO overlayer. In our experiments we
have annealed a (v/3 x +/5)-R26.6° reconstructed sample of
0.7 at.% Nb-doped SrTiO3 below 1100 °C which results in the
SrO-terminated (1 x 1) reconstructed surface shown in Fig. 2.
The SrO (1 x 1) surfaces are decorated with bright four-point
clusters, believed to occur as a result of subsurface Nb dopant
atoms. The density of bright four-point clusters on the surface
of the (1 x 1) reconstruction was (0.051 4 0.013) /nm2 which
is within experimental error of the value indicated by the XPS
data. The spots constituting the clusters in Fig. 2(b) and 2(c)
are aligned along the [100] and [010] axes of the crystal. The
four-point clusters are only seen on parts of the surface that
have an SrO (1 x 1) overlayer. Measurement of the separation
of the spots in the clusters shows that it corresponds to that
of a single SrTiO3 unit cell. In addition to the (1 x 1) SrO
termination, samples were often seen with a second type of
structure on the surface. In Fig. 2(b) this second region has
the resemblance of a disordered leopard spotted pattern, and
no four-point clusters can be seen here. It should also be noted
that imaging the (1 x 1) overlayer was relatively difficult.

Even the best images have a streaky appearance along the
fast scan direction which is indicative of a surface where the
topmost monolayer is electrically insulating.

STM was also used to investigate surface segregation in
the La doped samples, as shown in Fig. 3(a) where five
bright nanoline features are randomly distributed across the
disordered surface of 0.7 at.% La-doped SrTiOs. This surface
was prepared by annealing a c(4 x 4) reconstructed surface for
1 hat 1400 °C. A nanoline is shown at a higher magnification in
Fig. 3(b) and consists of four distinct rows of bright spots. The
majority of the lines observed on the sample were orientated
in the same direction as those seen in Fig. 3(a). Annealing
at lower temperatures did not result in the nanoline features.
For example, a 0.7 at.% La-doped SrTiO3 sample annealed
in UHV for 1 h at 1300 °C resulted in a flat surface with no
discernible surface order.

Figure 4(a) shows broad range AES spectra for SrTiO3(001)
samples that have been subjected to different preparation
methods. The peaks at 380 and 413 eV arise from Ti (LMM),
the peaks at 492 and 511 eV from O (KLL), and the peaks
at 1644 and 1711 eV from Sr (LMM). The UHV-cleaved
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FIG. 2. (Color online) STM images of 0.7 at.% Nb-doped SrTiO;
covered with an SrO overlayer. (a) STM image showing two flat ter-
races separated by a step edge of SrTiO3(001) unit cell height (approx-
imately 0.4 nm). Bright spots, thought to be due to the Nb dopants,
are uniformly distributed across both terraces (69.5 x 39.4 nm?,
Vi =0.8V, I, =0.1nA). (b) An STM image in which the bright spots
are visible as four-point clusters (23.1 x 13 nm?, V, = 1.0V, I, =
0.3 nA). (c) STM image showing bright four-point clusters, where the
(1 x 1) periodicity of the surrounding surface can be resolved (23.6 x
13.5nm?, V, = 1.0V, I, = 1.0 nA). Inset in (c) is an enlarged image
of the top left corner of (c), in which the square unit cell of an ordered
(1 x 1) domain is shown (4.3 x 4.3 nm?, V, = 1.0V, I, = 1.0 nA).

spectrum (dotted line) is from a 0.7 at.% Nb-doped crystal and
serves as a baseline for comparison purposes. The thin line is
a spectrum of a 0.7 at.% La-doped sample that was annealed
in UHV for 1 h at 1300 °C and shows no surface features in
the STM images. However, by annealing the La-doped sample
in UHV for 1 h at 1400 °C a distinct Auger peak at 625 eV is
apparent which corresponds to the La MNN transition. The La
Auger peak is only visible for samples that also show the type
of nanolines seen in the STM images of Fig. 3. In Fig. 4(b),
a higher magnification of the spectra from 525-725 eV show
in more detail the La (MNN) peak at 625 eV exhibited by
the sample with nanolines. The emergence of the La Auger
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FIG. 3. (Color online) (a) STM image taken from a 0.7 at.% La-
doped SrTiO5(001) sample showing a cluster of step edges and bright
white nanoline features oriented along the [010] direction (170 x
170nm?, V, = 1.0V, I, = 0.3 nA). (b) A high resolution STM image
showing the detail of a La nanoline (70 x 35 nm?, V, = 0.4V, I, =
0.3 nA).

peak in conjunction with the appearance of the nanolines on
the surface indicates that the bright nanolines of Fig. 3 are
composed of segregated La dopants. Similar experiments for
Nb-doped samples showed no evidence of Nb segregation.

IV. DISCUSSION

In this paper we have presented results that elucidate the
behavior of Nb and La n-type dopants in SrTiOs. XPS, STM,
and AES were used to study the dopant ionization states, image
the dopant distributions, and demonstrate surface segregation
phenomena. In particular, XPS shows that Nb dopes in the
5+ state, La in the 3+ state, and charge compensation for
both dopants is achieved via Ti** states. While these results
are in line with expectations, it is nevertheless reassuring to
demonstrate consistency with the standard concept that Nb3*+
ions are located substitutionally on Ti sites and La** ions are
located substitutionally on Sr sites, and that valence charge
transfer to surrounding Ti ions gives rise to Ti** states. XPS
shows a direct correlation between the dopant concentrations
and the Ti** peak intensity. The dopant levels were measured
to be lower than specified by the crystal grower, and we

035410-4



ATOMIC AND ELECTRONIC SURFACE STRUCTURES OF ...

- cleaved
La seg.
—— No seg.

300 600 900 1200 1500 1800

1 1 1
550 600 650 700
electron energy (eV)

FIG. 4. Auger spectra of SrTiO;3(001) obtained following differ-
ing surface preparation procedures. In (a) broad-range spectra are
shown of UHV cleaved (spotted line), UHV annealed La-doped
sample at 1300 °C (thin line), and UHV annealed La-doped sample
at 1400 °C (thick line) decorated with the type of nanolines show
in Fig. 3. The peaks are labeled relating to Ti (LMM) at 380 and
413 eV, O (KLL) at 492 and 511 eV, La (MNN) 625 eV, and Sr
(LMM) at 1644 and 1711 eV. All spectra were normalized such that
the value of each spectrum at 1100 eV in the featureless background
region was set to the same value. Then, the spectra were offset from
each other to facilitate viewing. A magnified region of the AES spectra
around the La peak is shown in (b).

speculate that this is due to the difference between the level of
dopant added to the melt during growth and the level of dopant
that is eventually incorporated onto substitutional lattice sites
in the crystal.

The appearance of Nb dopants as four-point clusters in
the STM images is somewhat unusual, but consistent with
other studies of Nb dopants in titanates.>” Our interpretation
of the clusters in the images is that the Nb dopants are
located substitutionally on Ti lattice sites that are in a TiO,
monolayer just below the top SrO (1x1) surface. The Nb
dopants are equidistant from four surface Sr ions, and so
affect them equally, and hence each Nb dopant is responsible
for a four-point cluster. There is no evidence of charge
transfer to the four Sr surface atoms, and indeed this would
be very unexpected. What is more likely is that this is an
electrostatic effect due to the local potential around the Nb
dopant, or possibly some other more subtle electronic structure
perturbation. A point of significance in the STM images is
that the four-point clusters are only ever seen on a surface
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that has a scratchy appearance which is an indication of
an insulating top monolayer, consistent with SrO being the
top monolayer. However the four-point clusters do not have
a scratchy appearance. This leads us to conclude that the
electronic states due to the Nb dopants that are being probed by
the STM lie within the bandgap of the SrO surface monolayer.
These Nb dopant states are not seen on the parts of the crystal
surface that do not have an SrO termination and have a smaller
bandgap, and the dopant states fall outside the bandgap and are
hence alotless easy to image. Much of the above is speculative,
and detailed electronic structure calculations are required to
properly address the question of the origin of the Nb induced
four-point clusters.

By annealing the 0.7 at.% Nb and La-doped SrTiO3; samples
we have demonstrated the difference in segregation behavior
of Nb and La. No evidence of Nb segregation is detected at
UHYV anneal temperatures up to 1500 °C. However, a 1400 °C
anneal of the La-doped samples results in the formation
of La-rich linear surface structures. These structures bear a
resemblance to the Ca impurity induced nanolines described
by Polli et al.,’' but calcium segregation can be ruled out
in our samples because Ca is readily detectable in Auger
spectra at 291 eV, and a peak is entirely absent from Fig. 4.
The linear appearance of the La nanostructures is most likely
because they form at or stabilize <100> type step edges. At
the high anneal temperatures the steps can migrate, resulting
in freestanding linear La structures. It is also interesting that
the La segregation gives rise to a disordered surface, and the
(/3 x +/5)-R26.6° reconstruction is not seen, although this
reconstruction is routinely created on Nb-doped samples that
have undergone the same processing procedure. Presumably
the La segregation disrupts the formation of the (v/5 x v/5)-
R26.6° reconstruction. The phenomenon of surface segrega-
tion can be driven by a broad host of mechanisms varying
from lattice strain reduction around dopants to surface energy
minimization. Given the numerous possibilities it would be
unwise to speculate on why La segregates but Nb does not.

V. CONCLUSION

In summary, our XPS studies of doped SrTiOj; crystals have
revealed that a Ti** state arises due to charge compensation of
the Nb>* and La** dopants. We have also shown STM images
of four-point clusters related to subsurface Nb dopants, and
demonstrated that at high anneal temperatures La segregates
to the (001) surface but Nb does not. These studies provide
part of the basic underpinning understanding that is necessary
for perovskite oxides to be fully exploited for their functional
properties. For research areas such as oxide electronics to reach
their potential a thorough understanding of dopant behavior in
these materials is essential.
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