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a b s t r a c t

An unusual conducting surface state can be produced in SrTiO3 substrates by irradiation with Argon

ions from a plasma source, at low energy and high doses. The effects of irradiation are analyzed here by

atomic force microscopy (AFM) and aberration corrected scanning transmission electron microscopy

(STEM) combined with electron energy loss spectroscopy (EELS). Depth sensitive studies demonstrate

the existence of a heavily damaged surface layer and an oxygen vacancy rich layer immediately

underneath, both induced during the irradiation process. We find a clear dependence of the Ti oxidation

state with the depth, with a very intense Ti3þ component near the surface. Oxygen vacancies act as

n-type doping by releasing electrons into the lattice and producing an insulator-to-metal transition,

which explains the unusual metallic behavior of these samples.

Published by Elsevier B.V.
1. Introduction

Complex oxide materials pose an exciting promise towards the
design of electronic devices that could overcome some of the
limitations of Si. SrTiO3 (STO) is one of the most widely studied
materials for oxide electronics. It has a perovskite structure and
an indirect band gap of 3.25 eV which makes it a band insulator.
Furthermore, the electronic properties of STO can be easily
modulated by doping it with electrons. This can be achieved
through substituting La for Sr cations or Nb for Ti atoms, and also
by generating O vacancies. These processes introduce n-type
mobile carriers in the STO lattice and reduce some Ti atoms to
Tiþ3, resulting in a mixed valence system [1–3]. N-doping is also
responsible for the reported two-dimensional electron gas at the
LaAlO3/SrTiO3 interface [4]. This exciting discovery has increased
the interest in this material even more [5–10] and the explanation
of the 2D conductivity remains a subject of controversy.

Recent studies have reported that a 2D surface electron gas can
be induced in commercial STO single crystals by Ar plasma
irradiation [11]. This type of irradiation can produce a metallic
state with confined 2D transport properties, presumably resulting
from the oxygen vacancies generated by ion beam etching
[12–16]. In order to understand the microscopic origin of such
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metallic layers, we have studied STO substrates etched using an
Ar ion milling reactor. We have employed advanced microscopy
techniques sensitive to both the surface and also to the bulk, such
as atomic force microscopy (AFM) and high resolution scanning
transmission microscopy (STEM). These techniques allow the
observation of the superficial damage caused by the reactive ion
etching (RIE) treatment. Simultaneous high resolution high angle
annular dark field (HAADF) and electron energy loss spectroscopy
(EELS) images allow the mapping of the oxidation state of Ti,
along with the quantification of oxygen concentration.
2. Experimental

Commercial STO single crystals (001) were chemically etched
and annealed to ensure a TiO2 termination [17]. These samples
were irradiated with an Arþ plasma with RF powers between 20
and 40 W for time periods of 5 min. Electrical transport measure-
ments were obtained with the Van der Paw method [18], using
evaporated Al contacts. IV curves were recorded to ensure their
Ohmic behavior. AFM images were acquired in a Bruker multi-
mode Nanoscope III A, equipped with 1 mm, 15 mm and 150 mm
maximum scanning area scanners. Aberration-corrected STEM
HAADF and bright field (BF) imaging and EELS were acquired
using a Nion UltraSTEM [19] operated at 100 kV and equipped
with a Nion aberration corrector and a Gatan Enfina spectrometer.
For spectrum imaging, the electron beam is scanned along
the region of interest and an EEL spectrum is acquired in every
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pixel, along with the ADF signal. The specimens were prepared by
conventional mechanical grinding and polishing and Ar ion
milling.
3. Results

The samples become conducting after irradiation with RF
powers above 25 W. Fig. 1 shows the temperature dependence
of the zero-field sheet resistance of samples irradiated with RF
powers between 30 and 40 W. These substrates are metallic in the
whole measurement range. The resistance decreases as the RF
power increases, denoting an enhancement of irradiation damage.
A power law AT2 behavior characteristic of electron–electron
interaction [20] is also found below the STO structural transition
[21] at 105 K.

AFM was used to study the surface of the treated samples in
order to characterize the erosion of the STO single crystals
surface. Before irradiation, well defined, atomically flat terraces
can be seen (Fig. 2(a)). The terraces have an average width close
to 100 nm. Ar irradiation causes severe surface damage. Images
in Fig. 2(b,c,d) show the erosion of the surface caused by the
Fig. 1. Temperature dependence of the sheet resistance of crystals irradiated at RF

powers from 30 to 40 W for 5 min.

Fig. 2. AFM images of samples irradiated at different energi
irradiation process for different RF powers (20 W, 36 W and 40 W
respectively). For the lowest RF powers, terraces are still observed
although their edges are somewhat ragged. Increasing the RF
power results in loss of surface features and enhanced structural
damage. For the most damaged samples the terrace structure is
lost completely. Incidentally, a gradual change of the samples
aspect is observed: the color of the samples varies from trans-
parent to gray as damage increases.

The effects of irradiation can be appreciated in cross-sectional
transmission electron microscopy images. Fig. 3 shows simulta-
neous HAADF and BF images of a sample which was treated in the
RIE system at 36 W for 5 min. A damaged surface layer is clearly
observed. The images in Figs. 3(a) and (b) show that this damaged
layer is continuous and homogeneous over long lateral distances
of the order of a few microns. The surface region of the samples
exhibits poor crystal quality, voids and amorphous areas, down to
a depth of 12 nm. Such loss of crystalline order can also be
appreciated in the BF image in Fig. 3(d), which is equivalent to
conventional high resolution microscopy. Estimated values of the
projected damage range [22,23] of a few nanometers were
obtained for the typical 100–200 eV energy range of the irradia-
tion experiments, consistent with the microscopy observations.

In order to assess the effects of the damage on the electronic
properties of the samples EELS data were acquired. Line-scans
were produced by scanning the electron beam along a line
perpendicular to the surface while an EEL spectrum is measured
in each pixel. The raw spectra were treated with principal
component analysis (PCA) [24] to reduce random noise from
spectroscopic images. In order to obtain the oxidation state of
titanium and study the oxygen concentration profiles the fine
structures of Ti L2,3 and O K edges were analyzed. According to the
dipole selection rule, the Ti L2,3 edge of the transition metals
results from the excitation of 2p electrons to unoccupied states of
3d nature. These edges show two characteristic white lines,
originated from transitions from the 2p3/2 (L3) and 2p1/2 (L2)
levels (split by the spin–orbit interaction) to empty levels of the
3d band. The Ti L2 and L3 lines are further split in two, as observed
by x-ray absorption [25] and EELS [26], due to the crystal-field
splitting of the threefold t2g (dxy, dyz and dxz orbitals) and twofold
eg (3dz2�r2 and 3dx2–y2 orbitals) states. The L3 first peak shows
es: no irradiation (a), 20 W (b), 36 W (c) and 40 W (d).



Fig. 3. STEM images of a sample irradiated at 36 W for 5 min. Low magnification

HAADF (a) and BF (b) images along with high magnification HAADF (c) and BF

(d) images.

Fig. 4. EEL spectra of Ti L2,3 and O K edges obtained along the arrow marked in the

HAADF image with an exposure time of 1 s/pixel of a sample irradiated at 36 W for

5 min. The EELS intensity has been normalized in order to show clearly the

variation of the peaks along the spectrum image, and the spectra have been shifted

vertically for clarity. A dotted line on the HAADF image marks the position of the

surface.

Fig. 5. EELS line-scan along with Ti oxidation state quantification of the sample

irradiated at 36 W for 5 min. The simultaneously acquired Ti L2,3 and O K edges are

shown. The intensities of both edges show a dip 3–4 nm from the surface, most

likely due to inhomogeneities in specimen thickness due to the ion mill process:

(a) HAADF image showing the direction of the scan (green arrow). The surface is

marked with a yellow dashed line. (b) EELS data, showing the O K and the Ti L2,3

edges acquired with an exposure time of 1 s/pixel. A yellow arrow marks the onset

(pre-peak feature) of the O K edge. (c) Ti oxidation state profiles along the

direction of the green arrow in (a), on a matching scale: the oxidation state profile

calculated from the O K (Ti L2,3) edge is shown in blue (red). (For interpretation of

the references to color in this figure, the reader is referred to the web version of

this article.)
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transitions from the 2p3/2 Ti level to the t2g level, and the L2 first
peak, from 2p1/2 to the eg level. This splitting is strongly affected
by changes in the occupation of the Ti 3d band. On the other hand,
the O K edge (around 530 eV), gives us information on excitations
of oxygen 1s electrons to 2p bands, which are hybridized with
empty Ti 3d orbitals [27]. The near edge fine structure suffers
significant changes with the occupancy of 3d states in Ti and
therefore it also provides information about the Ti oxidation state.
This edge shows two peaks at the onset around 530 eV, due to Ti
3d t2g-eg splitting and is highly sensitive to bonding features [28].
Hence, the analysis of the O K edge pre-peak will also provide
information about the Ti 3d band occupancy and its oxidation
state. O K spectra show another set of bands around 537–546 eV.
These bands originate from interactions between oxygen 2p

states, and Ti 4s and 4p states [29].
In Fig. 4, we show the variation of Ti L2,3 and O K edges when

the electron beam is placed on the surface and scanned into the
material. The Ti L2,3 edge away from the surface shows features
typical of the bulk Tiþ4, with a noticeable crystal field splitting.
But closer to the surface it looks more like a Tiþ3 state, where
only two peaks can be seen. The L2,3 onset also exhibits a chemical
shift and moves to lower energies near the surface. These changes
are consistent with a decrease in the oxidation state of Ti atoms
[30], although some smearing of the fine structure due to
amorphization may be possible. The 3d orbital, unoccupied in
the bulk (3d0), would become partially filled in the surface (3d1)
as Ti changes from a þ4 to a þ3 oxidation state. This Ti oxidation
state can be quantified through the analysis of the Ti L2,3 edge. In
order to do so, a method based on the spatial-difference techni-
que [31] has been used: a multiple linear least-squares fit (MLLS)
to the reference spectra of LaTiO3 (Tiþ3) and SrTiO3 (Tiþ4) from
reference [32] is performed. The fit coefficients give the statistical
weights associated with the Tiþ3 and Tiþ4 components, providing
a way to map the Ti valence. Fig. 5 shows another line-scan from
the same sample, with the O K and Ti L2,3 edges (Fig. 5(b)). For this
data set, Fig. 5(c) shows the result of this analysis (in red). The
topmost surface layer, heavily damaged, exhibits a drastically
reduced Ti, with oxidation states near þ3. As the electron beam
moves into the material, a more bulk-like Ti valence is recovered,
about 10 nm into the substrate. The average value for the Ti
oxidation state below the damaged layer is þ3.8970.11 (red
dotted line in Fig. 5(c)). This value is maintained as deep into the
substrate as the whole measurement range, tens of nanometers.
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The value of the Ti oxidation state can also be extracted from
the analysis of the O K edge, where a clear evolution can also be
seen. The edge onset shifts to higher energy losses near the
surface (the onset is marked with a yellow arrow on Fig. 5(b)),
characteristic of a reduction of the Ti valence state [30]. The
separation between the first and the second peak decreases
significantly, as the intensity of the pre-peak is also reduced.
A way to quantify these changes consists of measuring the
difference in peak positions between the pre-peak and the
adjacent main peak (DE) of the oxygen K edge [24,32]. Gaussian
curves are fitted to both the pre-peak and the main peak, and the
difference in positions for the centers of both Gaussians is
extracted along the line spectra shown in Fig. 5. Assuming that
there is a linear correlation between the DE and Ti oxidation state
[31] and using the values of DE from bulk STO (DE¼3,73 eV) and
LTO (DE¼5,61 eV) thick film as a reference [32], the Ti oxidation
state can be extracted. However, since the O K fine structure is so
smeared out near the surface the method renders artifacts for the
first few atomic layers, so these points have not been included
here. For the rest of the scan, the quantification is reliable and is
Fig. 6. EELS spectrum-image along with relative compositional maps and Ti

oxidation state quantification of a sample irradiated at 36 W for 5 min:

(a) HAADF image of the damaged surface area acquired simultaneously with the

spectrum image. Relative compositional maps for oxygen (b) and titanium

(c) obtained from the quantification of the O K and Ti L2,3 edges, respectively.

(d) Ti oxidation state map obtained with the MLLS method applying to the Ti L2,3

edge. The dark blue zones correspond to Tiþ3 state and the light yellow zones are

close to Tiþ4 state. On the dark blobs the residual of the MLLS fit is large enough

(2–4%) that some presence of Tiþ2 cannot be ruled out. The top few pixels

correspond in all cases to the glue line. These pixels have been ignored for

quantification purposes. (For interpretation of the references to color in this figure,

the reader is referred to the web version of this article.)
shown in blue in Fig. 5(c). We obtain a þ3.6 oxidation state near
the surface. Again, within a length scale of 10 nm the Ti oxidation
state increases and reaches a value of þ3.9270.06.

The values obtained from both methods employed agree well
within error bars, and they clearly denote a mixed distribution of
Tiþ3 and Tiþ4 in the heavily damaged layer near the surface. As
we go deeper in the material, the concentration of Tiþ4 increases
but the oxidation state does not reach þ4 completely within the
measurement range. Unfortunately, in our experiments we are
limited to surface studies: the specimen thickness increases as we
move deeper into the material preventing high quality EELS data
acquisition. The estimated thickness of the confinement zone
suggested by magnetotransport data is 260 nm [11], a depth
range that can hardly be probed in our STEM specimens. Never-
theless, two distinct regimes near the surface layer are observed,
so in order to gain lateral statistics 2D spectrum images were
acquired. Fig. 6(a) shows a high resolution HAADF image of the
damaged surface area. Heavily damaged zones, where the crystal-
line contrast is lost, appear darker in the image. The O and Ti
relative concentration maps are shown in Fig. 6(b) and (c),
respectively. The layer is not homogeneous in the lateral length
scale, as these maps show an intense decrease of the O concen-
tration in these damaged nano-regions. In Fig. 6(d), we show the
calculated Ti oxidation state from the MLLS analysis of Ti L2,3

edge. As already shown by the EELS line-scans, within the most
damaged O deficient areas the oxidation state is close to þ3.
As we go deeper in the bulk, over 10 nm far from the surface, the
oxidation state reaches a value close to þ3.9 but it does not
achieve the full þ4 value of the bulk (perhaps as an effect of the
ion mill induced surface amorphous layer).
4. Discussion

The irradiation of STO single crystals with Arþ plasma during
reactive ion etching generates a highly damaged area within 10–
12 nm of the surface. A clear correlation between the metallic
behavior and the surface state of the samples has been observed,
the most damaged samples being the ones that present lower
resistance values. The irradiation produces a heavy amorphization
of the surface, along with significant displacements of the light O
atoms, which results in a highly O deficient layer. These damaged
regions show a dramatic reduction of Ti atoms, with oxidation
states near þ3 at the very top layers. Within 10 nm of the surface,
approximately, the high structural quality is recovered and the
Ti/O ratio values approach those of the bulk. Nevertheless, the Ti
ions remain slightly reduced.

From these results we can explain the conduction properties of
the STO single crystals, and we find that the electron doping
ensuing from the O vacancies is directly responsible for the
metallic behavior. Every oxygen vacancy acts as an n-type impur-
ity, releasing two electrons to the lattice. This excess of electrons
can be trapped within the Ti 3d band, reducing the Ti oxidation
state from þ4 (with an electronic configuration 3d0) to þ3
(3d1configuration). Such reduction is responsible for the measured
insulator-to-metal transition. It is important to note that the
thickness of the conducting layer exceeds the ion range by orders
of magnitude, probably due to thermal diffusion of oxygen vacan-
cies into the bulk [16] or to electrons delocalized over long distance
due to screening ensuing from the large dielectric constant [33].
5. Conclusions

An unexpected metallic state can be induced on the surface
of STO single crystals by means of Ar irradiation. The higher the
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irradiation dose, the lower the resistance of the metallic state.
Surface characterization by AFM shows that the terrace-like
characteristic aspect of untreated substrates is destroyed by the
irradiation, suggesting a strong modification of surface features.
Aberration-corrected STEM–EELS has been used to study the
structure, chemistry and electronic properties of these samples.
We have found that one of the most important effects of the
treatment is the partial amorphization of a 10 nm thick layer at
the very surface, along with a reduction of the O content. The STO
directly underneath this layer exhibits good crystallinity, but O
vacancies are still present within the range of our measurements.
These vacancies act as n-type dopants and reduce the Ti atoms
nearby. Electrons in the Ti 3d bands become mobile, giving rise to
the macroscopically observed metallicity. The amount of irradia-
tion induced damage and the ensuing O vacancies can be tuned
through the irradiation conditions, providing an alternate path
to produce confined two dimensional metallic states in oxide
materials.
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