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a b s t r a c t

Local surface structure of single crystal strontium titanate SrTiO3 (001) samples implanted with Fe in the
range of concentrations between 2 × 1014 to 2 × 1016 Fe/cm2 at 30 keV has been investigated. In order to
facilitate Fe substitution (doping), implanted samples were annealed in oxygen at 350 ◦C. Sr depletion
was observed from the near-surface layers impacted by the ion-implantation process, as revealed by
Rutherford Backscattering Spectrometry (RBS), X-ray photoelectron spectroscopy (XPS), X-ray Absorp-
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tion Near Edge Spectroscopy (XANES), and Atomic Force Microscopy (AFM). Hydrocarbon contaminations
on the surface may contribute to the mechanisms of Sr depletion, which have important implications for
Sr(Ti1-xFex)O3-� materials in gas sensing applications.

© 2016 Elsevier B.V. All rights reserved.
on implantation

. Introduction

Strontium titanates among other perovskite oxides have
ecently attracted significant attention due to their outstanding
lectrical and ionic transport properties [1,2]. Pure SrTiO3 (or STO)
s a wide band semiconductor with an indirect band gap of 3.25 eV
nd a direct band gap of 3.75 eV with low conductivity. Substitu-
ion of Ti by another transition metal, such as Fe, can change the
lectronic structure and electrical conductivity of the oxide. Vari-
us titanates, including SrTi1-xFexO3-�, are considered as promising

nexpensive alternative to the classical oxygen sensors based on
irconia [1], especially for use in harsh environments.

SrTi1-xFexO3-� oxides form a family of continuous solid solutions
n the range 0 < x < 1 from strontium titanate to strontium ferrate.

ith variation of x, properties of SrTi1-xFexO3-� change from large
and gap semiconductor for Ti-rich phase to a conductor for Fe-
ich phase (for x > 0.1) [3,4]. SrTiO3 has cubic perovskite structure.
n the other hand, SrFeO3-� forms different crystal phases from
isordered perovskite SrFeO3 to ordered brownmillerite SrFeO2.5

5,6]. Mixed compound SrTi1-xFexO3-� can retain cubic perovskite
tructure in wide range of x [6,7].

∗ Corresponding author.
E-mail address: olobache@gmail.com (O. Lobacheva).

ttp://dx.doi.org/10.1016/j.apsusc.2016.09.131
169-4332/© 2016 Elsevier B.V. All rights reserved.
Fe in Ti4+ site can acquire two different oxidation states, Fe3+ and
Fe4+. The difference in the oxidation state requires oxygen vacan-
cies to be an integral part of the perfect SrTi1-xFexO3-� lattice to keep
charge neutrality. If one uses the stoichiometry of SrTi1-xFexO3-x/2
[6,8], then half of the Fe3+ can have a mobile oxygen vacancy with
an effective positive charge +2 (or V∗∗

O using Kröger–Vink notation
[9]). There are three types of coordination around oxygen sites: (i)
Fe O Fe; (ii) Ti O Ti; and (iii) Ti O Fe. Iron can be in 4-, 5-, and
6- coordination in SrTi1-xFexO3-� with different defect energies of
the oxygen vacancies corresponding to these configurations [10].
The Fe3+/Fe4+ ratio will depend on the total Fe concentration x, the
oxygen partial pressure p(O2) and the temperature. For x ≈ 0.1–0.3,
the electrical resistivity stays almost constant in the p(O2) range of
10−4–1 bar in the temperature range 750–1000 ◦C, which is suit-
able for oxygen sensor applications [6]. Presence of Fe doping and
accompanying oxygen vacancies also enhances surface reactivity
of strontium titanate [3,11–13]. The good conductivity, both ionic
and electronic, in combination with chemical and structural stabil-
ity makes Fe-doped STO an attractive material for applications in
gas sensors [1,2,14], catalysts [15], fuel cell electrodes [16,17], oxy-
gen permeation membrane [3,18] and resistive switching memory
[19–21].
A number of studies have suggested that Fe substitutes Ti due to
close ionic radius and valence state. However the substitution of Sr
by a dopant transition metal has also been explored. Both experi-
mental and theoretical research on Mn-doped SrTiO3 powders have

dx.doi.org/10.1016/j.apsusc.2016.09.131
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ndicated that Mn can occupy either Ti (as Mn4+) or Sr site (as Mn2+)
epending on the experimental conditions (temperature, oxygen
artial pressure and stoichiometry) [22–24]. The calculations per-

ormed by Yang et al. [23] have shown that Mn  substitution on Ti
ite is explicitly preferable only in oxygen rich conditions, whereas
n oxygen deficit conditions Mn  prefers to substitute Sr site.

In this work, ion beam implantation was employed for Fe doping
f STO single crystals. The method allows us to introduce doping

n a controllable way by varying the incident ion energy and con-
entrations. Here we have chosen Fe implantation doses to result
n final Fe concentrations below the solubility level of Fe in the
ost STO material. For Fe doses above ∼1 × 1017 atoms/cm2, there

s a possibility to form metallic Fe nanoparticles inside the host
aterial [25–27]. For instance, Dulov et al. [25] reported the for-
ation of �-Fe nanoparticles in SrTiO3 at the implantation dose of

.5 × 1017 ions/cm2, whereas at the dose of 0.75 × 1017 ions/cm2,
hey mostly observed formation of SrTi1-xFexO3-� phase. There-
ore, smaller implantation doses were used in this study to avoid
recipitation of iron.

Using Rutherford backscattering spectrometry (RBS), we
bserve an unusual depletion or apparent loss of Sr during implan-
ation and post-implantation annealing at high temperatures in
xygen environment. Sr depletion is correlated with the Fe dose
nd most noticeable at the highest implantation doses and after
50 ◦C annealing. Typical losses of the low Z elements such as Ti,
nd O due to preferential sputtering effects are not noticeable at
ur experimental conditions. Local chemical environment of the

mplanted and annealed samples were evaluated with X-ray pho-
oemission spectroscopy (XPS) and X-ray absorption near edge
tructure (XANES) spectroscopy. While XPS allows us to moni-
or changes on the surface, XANES gives us additional information
bout structural changes within the whole layer thickness affected
y implantation. Due to the chemical selectivity of X-ray absorption
pectroscopy, we can characterize the local surrounding of Ti and Fe
toms independently. XANES is particularly suitable to study ion-
rradiated systems, which can be disordered since no long range
rystal order is necessary to get this information. Possible mecha-
isms of the decomposition of near-surface SrTi1-xFexO3-x/2 layer

nto SrCO3, SrO or Sr(OH)2, and TiO2 are proposed and explained
rom thermodynamics arguments.

. Experimental details

Strontium titanate single crystal substrates (SrTiO3 (001),
 × 5 × 0.5 mm3 with both face polished) were purchased from
TI  Crystals, Inc. (USA). Fe was implanted at controlled room

emperature, incident energy 30 keV, 7◦ off normal to avoid
hanneling, at vacuum of 5 × 10−8 Torr at the Tandetron facility,

estern University, Canada. The SrTiO3 substrates were implanted
ith iron at doses of 2 × 1014, 8 × 1014, 1 × 1016 and 2 × 1016 Fe

on/cm2 (samples henceforth denoted STO-Fe2e14, STO-Fe8e14,
TO-Fe1e16 and STO-Fe2e16, respectively). To heal irradiation
amage implanted samples were annealed for 2 h at 350 ◦C in
2 atmosphere (samples STO-Fe2e14-350, STO-Fe8e14-350, STO-
e1e16-350 and STO-Fe2e16-350, respectively). Though most of
esults presented below are related to the STO samples with the
ighest implantation dose (2 × 1016 Fe ion/cm2), the samples with

ower doses were also analyzed to monitor the influence of implan-
ation doses.

Rutherford Backscattering Spectrometry (RBS) measurements
ere conducted using 500 keV He+ beams in random and channel-
ng geometries, at Tandetron facility. RBS was performed in several
pots on the surface to confirm the uniformity of the implanta-
ion process and composition, with a Si charged particle detector
t 170◦. An Sb-implanted amorphous silicon sample with a known
e Science 393 (2017) 74–81 75

total Sb content of 4.82 × 1015 atoms/cm2 was  used to calibrate the
detector solid angle. RBS data were fitted using SIMNRA [28] to
determine elemental composition and stoichiometry.

X-ray photoelectron spectroscopy (XPS) analysis of STO sam-
ples were performed at Surface Science Western at the University
of Western Ontario with a Kratos Axis Ultra spectrometer, with
a monochromatic Al K� source (15 mA,  14 kV) at photon energy
of 1486.7 eV. Instrument pressure during the spectra acquisition
was better than 8 × 10−10 Torr. The Kratos charge neutralizer sys-
tem was used with spectral correction by monitoring C 1s peak
which was set to 285.0 eV. High-resolution spectra were obtained
using an analysis area of ≈300 �m × 700 �m and either a 10 eV
or 20 eV pass energy which corresponding to Ag 3d5/2 FWHM of
0.47 eV and 0.55 eV, respectively [29–31]. In order to perform depth
resolved analysis, surface of the samples was  sputtered with Ar+

ion beam. Sputter rates were calculated based on an Al2O3/Al stan-
dard (1.32 nm/min). Analyses were carried out on the surface and
at 10, 20, 30 and 40 nm depths on virgin STO, Fe-implanted STO-
Fe2e16 and implanted and annealed STO-Fe2e16-350C samples.
XPS spectra were fitted using CasaXPS software [32].

X-ray Absorption Near Edge Spectroscopy (XANES) was  used to
identify the chemical environment of Ti and Fe in STO. Fe L-edge
XANES experiments were performed at the Canadian Light Source
(CLS) (Saskatoon, Canada) at the high resolution Spherical Grating
Monochromator (SGM) beamline which uses a 45 mm planar undu-
lator and three gratings covering an X-ray photon energy range
from 250 to 2000 eV. It provides resolution greater than 5000 E/�E
at energy below 1500 eV and better than 10000 E/�E at the N K-
edge. The photon energy was calibrated at C K-edge at 284.2 eV.
Fe K-edge spectra were measured at the Advanced Photon Source
(APS) at Argonne National Laboratory (Argonne, IL, USA) at the
CLS@APS on the PNC/XSD beamline (20-BM). The beamline uses
Si double-crystal monochromator to cover a photon energy range
of 5 to 25 keV and offers resolution greater than 7000 E/�E.  The
double-crystal monochromator photon energy was calibrated at
the Fe K-edge threshold of a Fe foil at 7110.6 eV.

The absorption spectra were collected in total fluorescence yield
(TFY) and total electron yield (TEY) at the CLS. TEY is more surface
sensitive than TFY due to the short escape depth of electrons in
matter. Simultaneous collection of TEY and TFY absorption spectra
allows discerning bulk and surface signal, respectively, in XANES
of STO samples. However, significant charging of STO samples dur-
ing acquisition caused distortion in XANES spectra collected in TEY
mode in some cases, and are not shown.

XANES spectra were normalized to the intensity of the inci-
dent beam I0, measured as the current emitted from a gold mesh
simultaneously with spectrum acquisition. Continuous background
was subtracted from data as an extrapolated linear curve fitted
in the pre-edge area. For a consistent data analysis, spectra were
normalized to unity above absorption edge. In some cases it was
impractical, and the spectra were normalized to unity by the inten-
sity of the first sharp intense peak (traditionally referred as a “white
line”).

The EXAFS spectra have been analyzed using the software pro-
gram Athena. The backgrounds have been removed with E0 set at
7126 eV with k weight at 2. The Hanning window was used for
the forward and backward Fourier Transform. The forward Fourier
transforms had the k-range set at 3.0–18 and k weight at 0.5. The
backward Fourier transforms had the R-range set at 1–3. The Real
Space Multiple Scattering program (FEFF9) was used to simulate
spectra of the proposed cluster structures consisting of 173 atoms
with Pm3m group symmetry [33,34]. With full multiple scattering,

the simulation paths are cut to a cluster of 15 atoms. Starting from
the initial stoichiometric structure, some of Ti and Sr ions were
replaced by Fe atoms without significant changes in interatomic
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Fig. 1. (a) RBS spectra of STO, STO-Fe2e16 and STO-Fe2e16-350 samples collected
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Table 1
Integrated areal densities for Sr peak (energy range of 370–420 keV) in RBS spectra
for  samples implanted with Fe at different doses, before and after crystallization
anneal.

Fe dose, ×1016 atoms/cm2 Sr peak reduction
after implantation,
%

Sr peak reduction
after implantation
and anneal, %
n  random geometry, 7◦ off normal, 500 keV He+ incident beam. (b) RBS spectra of
TO,  STO-Fe2e16 and STO-Fe2e16-350 samples collected in channeling geometry;
BS random spectrum of STO crystal is shown for comparison.

istances. Furthermore, to account for oxygen vacancies within the
luster, some specified fractions of the first-shell oxygen atom was
emoved, counting from incorporated Fe.

Atomic force microscopy (AFM) topography images were
ecorded using Multimode AFM with Nanoscope IIIA controller
Digital Instruments) using a scanner with a maximum lateral

otion of ∼12 �m and silicon nitride cantilevers. Imaging was per-
ormed in contact mode at ambient temperature at scan rates of
–27 Hz.

. Results

RBS spectra collected in random geometry for STO, STO-Fe2e16
nd STO-Fe2e16-350 samples are presented in Fig. 1(a). Positions
f the Sr, Ti, Fe and O surface peak are marked with arrows. A
loser analysis of Sr signal at the energies of 370–420 keV, reveals

 noticeable decrease in Sr areal density in the near-surface region

inset in Fig. 1(a)). Compared to the reference STO sample, the
ample implanted with the highest dose lost ∼8.6% of Sr follow-
ng implantation (sample STO-Fe2e16), and ∼10.8% of Sr, following
e implantation and annealing (sample STO-Fe2e16-350), which is
1.0 7.0 ± 0.4 10.2 ± 0.5
2.0 8.6 ± 0.4 10.8 ± 0.5

substantially larger than the uncertainty of RBS method. The effect
was also detected in the samples with lower implantation dose
STO-Fe1e16 and STO-Fe1e16-350. This decrease in Sr ion yields for
near-surface region was  quantified and summarized in Table 1. The
results show that this effect depended on the implantation dose. It
was much less pronounced on the samples implanted with 2 × 1014

and 8 × 1014 Fe+/cm2.
RBS spectra collected in channeling geometry allowed us to

estimate the crystallinity of the initial STO crystal and irradiation
damage due to ion implantation (Fig. 1(b)). In the channeling geom-
etry, the ion yield is greatly reduced if subsurface atoms are in
their ideal lattice positions. However atoms in disordered regions
and amorphous regions will be visible to the ion beam. Thus, the
degree of crystallinity of the samples can be determined by tak-
ing the ratio of the yield in the channeling geometry to a random
direction yield (“the maximum yield”). RBS spectra along the [001]
axis (Fig. 1(b)) reveal that this ratio is close to ∼6 ± 1% for the virgin
STO crystal which proves good crystalline order of the initial STO
before implantation. Distinct peaks of strontium, titanium and oxy-
gen can be observed corresponding to the top surface layer of the
STO sample. After Fe implantation, there is a systematic increase in
the detected ion yields for the implanted samples (STO-Fe2e16),
both in the top-surface layer yields, and in the bulk of the STO
sample. Crystallinity of the samples is improved after annealing in
oxygen, though it does not reach the initial (prior-to-implantation)
values (Fig. 1(b)).

High-resolution XPS spectra for Sr 3d, Ti 2p, O 1s and C 1s peaks
are presented in Fig. 2 for the STO samples with the highest implan-
tation dose, before and after recrystallization annealing. Data for
the initial STO crystals (before implantation) are given as a refer-
ence.

A significant decrease in Sr peak intensities is noticeable in the Sr
3d XPS spectra of the STO samples after implantation and annealing
(Fig. 2(a)), which is consistent with our RBS results. Sr 3d peaks of
virgin STO were fitted with Sr 3d3/2 and Sr 3d5/2 peak components
as shown in Fig. 2(a). However Sr 3d spectra of STO-Fe2e16 and
STO-Fe2e16-350 samples were fitted by two  Gaussians doublets
separated by ∼0.9 eV. The presence of high binding energy (HBE)
contributions in the spectra shows that Sr exists in two different
chemical environments on the surface in these samples.

XPS Ti 2p spectra of the STO samples are presented in Fig. 2(b).
The Ti 2p3/2 and Ti 2p1/2 peaks are located at 458.1 eV and
463.82 eV (Fig. 2(b)), respectively, for all samples, consistent with
the reported values for Ti4+ state [31]. The peak positions and the
line splitting are in good agreement with the values reported for
SrTiO3 in the literature [35,36]. At the same time, there is a notable
decrease in peaks intensities following implantation (Fig. 2(b)).

The peaks at 529.2 eV, 530.9 eV and 532.0 eV were discerned in
the O 1s spectra of STO samples (Fig. 2(c)). The peak at ∼529.2 eV
was identified as the chemical state of oxygen in SrTiO3 lat-
tice, and the other two  peaks, at higher binding energies were
ascribed to hydroxide and/or defective oxides (530.9 eV) and to

water and/or organic compounds on the surface carbonate form
(532.0 eV) [31,37].

The data from C 1s spectra show a similar trend (Fig. 2(d)) as
observed with O 1s peaks. The chemical states of carbon were iden-



O. Lobacheva et al. / Applied Surface Science 393 (2017) 74–81 77

F s), STO
1 re leg

t
o
a
t
w
1
f

2
d
1
T
t
C

h
s
t
e
c
t
c

ig. 2. XPS spectra: (a) Sr 3d; (b) Ti 2p; (c) O 1s; (d) C 1s peaks for STO (black square
0  nm layer (purple stars). (For interpretation of the references to colour in this figu

ified as the carbon in C CHx and the carbonate form. The position
f the peaks indicated the possible formation of alcohol (C OH)
nd/or ether (C O C), carbonyl (C O) and carboxyl (O C O) func-
ional groups. The carbonate peak increases after implantation,
hile C C peak decreases. As it can be noticed from O 1s and C

s spectra, the thermal treatment changed the amount of different
unctional groups but did not remove them completely.

Because there have been no difference noticed between the Ti
p, Sr 3d, O 1s and C 1s spectra of the STO samples at any sputtered
epth, Fig. 2 presents only spectra of STO crystal after sputtering of
0 nm layer. Positions of peaks in XPS spectra are summarized in
able 2. As expected, Ar sputtering introduced considerable damage
o the STO surface. Thus, there was preferable sputtering of O and
, which has left the surface in oxygen depleted conditions.

All sputtered samples presented a noticeable chemical shifts to
igher binding energy in the main components of Sr 3d peaks in
pectra of implanted and sputtered samples (Fig. 2(a)). Ar sput-
ering, done in the high vacuum inside the XPS apparatus, has

fficiently removed almost all the traces of water molecules and
arbon-containing contaminations disappear from the XPS spec-
ra. O 1s spectra collected from the sputtered samples show no
ontributions from hydroxide (water) (Fig. 2(c)). O 1s peak from
-Fe2e16 (blue circles), STO-Fe2e16-350 (red triangles) and STO after sputtering of
end, the reader is referred to the web version of this article.)

oxygen in strontium titanate structure becomes more intensive. As
sputtering removes organic compounds from the sample surface
the intensity of C 1s drops to the noise level for all sputtered STO
samples (Fig. 2(d)).

Due to preferential sputtering of oxygen, XPS spectra did not
show the correct oxidation states of elements in the bulk of STO. As
could be seen from Ti 2p peaks after sputtering up to 50% of Ti were
reduced from Ti4+ to Ti3+ and Ti2+ (Fig. 2(b)). For the same reason
the oxidation state of implanted Fe was Fe0 as identified from Fe
2p XPS peaks (Fig. 3(a)) in both Fe implanted and oxygen annealed
samples, STO-Fe2e16 and STO-Fe2e16-350.

No Fe was detected in XPS spectra of STO-Fe2e16 and
STO-Fe2e16-350 collected at the surface before sputtering. The
step-by-step sputtering of STO-Fe2e16 surface showed that Fe
could be found in the 40 nm deep layer (Fig. 3). The distribution of
implanted Fe calculated from the peaks intensity with maximum is
in excellent agreement with SRIM prediction showing a maximum
at 20 nm depth (Fig. 3(b)). Annealing at 350 ◦C did not lead to any

significant diffusion of the implanted Fe.

The oxidation state of Fe in STO samples was  established using
XANES Fe L-edge spectra (Fig. 4(a)). The Fe L-edge spectrum was
collected in TEY and TFY modes. Two single peaks at ∼709.0 eV and
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Table  2
Experimental positions of XPS peaks (eV) in spectra of STO samples implanted with 2 × 1016 Fe+ ions/cm2 before and after crystallization anneal.

Sample STO STO-Fe2e16 STO-Fe2e16-350C STO-sputtereda

Sr(II) 3d5/2 132.67 133.06 132.80 133.30
Sr(II)  3d5/2 (HBE)b – 133.96 133.70 –
Sr(II)  3d3/2 134.41 134.81 134.55 135.00
Sr(II)  3d3/2 (HBE)b – 135.71 135.45 –
Ti(IV)  2p3/2 458.10 458.10 458.10 458.10
Ti(IV)  2p1/2 463.84 463.84 463.84 463.84
Ti(III)  2p3/2 – – – 456.70
Ti(III)  2p1/2 – – – 462.43
Ti(II)  2p3/2 – – – 455.00
Ti(II)  2p1/2 – – – 460.58
O  1s (due to oxide) 529.20 529.56 529.55 529.71
O  1s (due to hydroxide, defective oxide) 530.90 531.19 531.20 531.12
O  1s (due to water, organic oxygen) 532.06 532.28 532.28 –
C  1s (due to C C, C H) 284.80 284.94 284.99 –
C  1s (due to C OH, C O V) 286.29 286.46 286.50 –
C  1s (due to C 0) 287.75 287.93 287.99 –
C  1s (due to C O H) 288.80 288.94 289.00 –

a After sputtering XPS spectra of all analyzed STO samples were identical at all sputtering depth.
b High binding energy (HBE) component is present in Sr 3d XPS spectra of STO-Fe2e16 and STO-Fe2e16-350C.
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Table 3
The values of average roughness Ra evaluated for specific profiles of the STO samples
surface.

Sample Roughness, Ra, nm (5 �m scan dimensions)

STO 0.32 ± 0.06 nm
ig. 3. XPS sputtering results: (a) Fe 2p peaks on after sputtering of STO-Fe2e16
o  different depths; (b) distribution of Fe as a function of depth in STO-Fe2e16 and
TO-Fe2e16-350.

722.0 eV were observed in TEY and TFY XANES spectra of STO-
e2e16 sample (Fig. 4(a)). The shape of the spectra shows that iron
s in Fe0 oxidation state throughout the implanted area. In XANES
pectra of STO-Fe2e16-350, the peaks became doublets (with sep-
ration of ∼1.7 eV) indicating formation of Fe oxide. The ratio of
ntensities of peaks within the doublets differs in TEY and TFY
ANES spectra (Fig. 4(a)). The difference allowed us to identify that

ron oxidation state was Fe3+ in bulk and Fe2+ in near-surface area.

The findings were confirmed by Fe K-edge XANES analysis

Fig. 4(b)). A shoulder at ∼7112 eV in the pre-edge region of STO-
e2e16 spectrum implies metallic state of iron Fe0. The spectrum of
e foil is shown in Fig. 4(b) for comparison. However the spectrum
STO-Fe2e16 0.45 ± 0.09 nm
STO-Fe2e16-350 0.77 ± 0.14 nm

of the STO-Fe2e16-350 has a sharp pre-edge peak at ∼7113 eV,
which is typical for oxidized iron. The broadening and disappear-
ance of the oscillations above the absorption edge strongly suggest
that implanted iron does not have long-range order but only short-
range order in these samples.

Fig. 5 presents results of Fourier Transform of EXAFS for STO-
Fe2e16-350 sample and FEFF simulations for several models. We
expected Fe to substitute on either Ti or Sr site, and this substitution
is accompanied by formation of oxygen vacancies to compensate
charge. To simulate the effect of oxygen vacancies, the oxygen ions
from the nearest shell were removed. In this manner six models
were used for clusters where Fe substitutes on either Ti or Sr site,
and 1/3, 2/3 and 3/3 of oxygen removed from the nearest shell. Com-
parison of FT of experimental EXAFS and simulations data (Fig. 5)
showed the model where Fe substitutes on Sr site and 1/3 of oxygen
in nearest shell is removed has the best agreement with experi-
mental results. The placing of Fe ion on the vacant Ti site produced
poorer approximation or required more oxygen vacancies at the
nearby oxygen shells to obtain equally good fit.

Results of AFM analysis performed on STO samples to trace
changes in surface topography before and after ion implantation
are displayed in Fig. 6. Ambient AFM images of STO samples before
and after implantation demonstrate stepped topography with aver-
age roughness close to single step heights reported for STO single
crystals [38]. Values of average roughness, Ra, measured for spe-
cific profiles of STO samples are listed in Table 3. Roughness does
not change significantly after Fe implantation; however it increases
after post-implantation annealing, which indicates partial decom-
position of the top surface layer. A similar behavior was also
observed in AFM images reported by Lee et al. [38] for SrRuO3 films
on STO substrates.

4. Discussion
Ion irradiation creates defects leading to an increased reactivity
of strontium titanate surface [13,39]. Surface defects were identi-
fied as active sites for reaction of CO, CO2 and H2O with STO surface
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Fig. 4. (a) XANES Fe K-edge of STO-Fe-2e16 and STO-Fe2e16-350 samples, Fe foil and
Fe2O3, and results of FEFF9 simulation for Sr8Fe8O23, Sr8Ti5Fe3O23 and Sr8Ti3Fe5O23;
(
(

[
(
2
c

d
i
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o
F
d

Fig. 5. Fourier Transform of experimental EXAFS for STO-Fe2e16-350 sample and

diminishes and the atomic screening of the core hole increases.
b)  XANES Fe L-edge of STO-Fe2e16 and STO-Fe2e16-350 samples, collected in TFY
solid symbols) and TEY (semi-open symbols) mode.

11–13]. For instance, it was shown that defect-free pure SrTiO3
100) surfaces do not interact with water at temperatures below
00 K. However H2O readily adsorbs on the SrTiO3 surface defects
reated by sputtering [11].

We observe formation of different carbon and oxygen groups
ue to exposure to the ambient atmosphere and this leads to the

ncrease of the intensity of XPS O 1s and C 1s peaks. The implanted
nd annealed STO-Fe2e16-350C had less intensive water/organic

xygen since it was annealed in oxygen. C peak is higher for the STO-
e2e16 and STO-Fe2e16-350C compared to the virgin STO crystal
ue to a large number of defects on the surface of implanted sam-
FFEF9 simulations for several proposed models: (a) for Fe substituting Ti center, and
(b) for Fe substituting Sr center. The numbers of created O vacancies within the first
shell from are designated by OV1-3, where OV1 corresponds to one vacancy.

ples. It is likely that the surface reactions have led to dissociation
of the molecules with further formation of SrCO3.

Depending on the samples treatment, the Sr 3d peak shift has
been ascribed to hydroxyl species Sr-COH [36,41], SrOx layers [41]
or strontium carbonate SrCO3, formed due to reaction of STO sur-
face with CO and CO2 [36,37]. Pilleux et al. [35] have observed
the Sr 3d peak shifts from 132.7 eV for as-grown STO films on Ti
foil to 133.0 eV for Ar sputtered surface. The authors explained
their observation by the presence of hydroxyl groups absorbed
on the surface prior to Ar ion irradiation. In more recent study of
SrTiO3(001) surface, the Sr peak shift was explained by a change
in the Madelung potential due to oxygen vacancies formed by ion
irradiation [40]. With the decrease of the coordination number
of a metal atom, the electrostatic potential of the cationic sites
In principle, these effects should effectively decrease the bind-
ing energy in the metal atom. However Van der Heide et al. [40]
detected an increase of the Sr 3d binding energy in Ar sputtered
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Fig. 6. AFM images and topography scans of strontium titanate single crystals before
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2 × 1016 ion/cm2 and then annealed in oxygen atmosphere at
on  implantation (STO), after implantation (STO-Fe2e16) and after implantation and
nneal (STO-Fe2e16-350) registered in air.

TO samples. They explained their observation by the decrease of
he negative Madelung potential at the cationic sites (an initial-
tate effect) as well as decrease of the polarization screening (a
nal-state effect) when the coordination number of a metal atom
ecome lower. These processes increase the binding energy in the
etal atom [40].

These considerations can explain our experimentally observed
ncrease of the Sr binding energy in Fe-implanted STO crystal
nd, likewise, the presence of Sr 3d doublets in the spectrum of
mplanted and annealed samples. The appearance of HBE compo-
ents in STO-Fe2e16 and STO-Fe2e16-350 Sr 3d spectra can be
scribed to SrCO3 formed due to reactions with CO and CO2 on STO
urface [38,40], while shift of the main component of Sr 3d peaks
o the higher binding energy can be explained by the decrease of
he Madelung potential (see Table 2).

There have been reports of the surface instability and phase sep-
ration under influence of ion and electron irradiation and thermal
reatment [42–44]. Moreover, some studies have shown possible
r segregation, either as SrO or Sr excess phases SrO·n(SrTiO3)
43,44]. For instance, Sabathier et al. [43] have identified Sr2TiO4
nd TiO2 phase separation induced by 320 keV Pb2+ ions irradia-
ion. Shin et al. [42] have observed SrRuO3 surface decomposition
uring annealing in vacuum at 200–800 ◦C temperature range.
ame authors [42] have emphasized the role of hydrocarbon con-
aminations as one of conditions for SrRuO3 surface roughening
nd decomposition on SrO and Ru phases. SrO desorption during
ow (<500 ◦C) temperature annealing can be another reason for
r depletion during our recrystallization conditions. For example,
rO desorption was observed by Goncharova et al. [45] in epitaxial
rTiO3/Si(001) films with a desorption peak at ∼450 ◦C

The Sr depletion in Fe implanted STO observed in our present
xperiment can be partly related to relative decrease of Sr content
n the result of the formation of the adsorbate layer on the STO sur-
ace. XPS analysis suggested formation of strontium carbonate and

trontium hydroxide on the STO surfaces after Fe ion irradiation.
oth SrCO3 and Sr(OH)2 have lower density compared to SrTiO3.
s a result, the surface layer of STO-Fe2e16 and STO-Fe2e16-350
e Science 393 (2017) 74–81

(in RBS analysis) is seen as Sr deficient. At the same time, as followed
from AFM images, the average roughness of STO surface increased
after Fe irradiation and post-implantation annealing, which also
can be an indication of transformations in the surface area.

The dependence of Sr apparent loss on the implantation dose,
noticed in RBS spectra, can be correlated with the different concen-
tration of defects produced during ion irradiation. SRIM simulation
showed that ion irradiation led to disordering and formation of
oxygen vacancy defects in STO crystal. Formation of Sr vacan-
cies/interstitials is also possible in Fe implanted STO crystals
though in much lower concentration then oxygen vacancies. The Sr
depleted layer was  much thicker than the probing depth of XPS. As
evident from the results of RBS depth profile analysis, the changes
in Sr content were not limited by the surface area, but affected
the entire implantation depth. So, Sr depletion cannot be explained
entirely by the formation of different surface phase only.

XANES analysis conducted at Fe L-edge in this work showed
the change of Fe oxidation state from Fe0 in as-implanted STO to
Fe3+ and Fe2+ in the implanted and oxygen annealed STO samples.
The result does not comply with the previous studies conducted on
SrTi1-xFexO3-� powders which have suggested that Fe can substi-
tute for Ti in STO crystal structure accepting Fe3+/Fe4+ state [6,8].

An additional information about local symmetry of Fe was
obtained from Fe K-edge XANES. In 3d metals, the pre-edge feature
in the K-edge range is attributed to the s-d quadrupole transi-
tion due to d-p mixing. The pre-edge peaks provides information
about oxidation state and the local coordination geometry of the
metal atom (e.g. tetrahedral versus octahedral) [46,47]. The inset
in Fig. 4(a) shows a comparison of STO-Fe2e16-350 spectrum with
the spectra of Fe2O3 standard and results of FEFF9 calculation for
SrFeO3, Sr8Fe8O23, Sr8Ti5Fe3O23, and Sr8Ti3Fe5O23 supercells. The
presence of a pre-edge peak clearly indicates that iron is oxidized in
STO-Fe2e16-350 sample. However, the peak is much more intense
than in Fe2O3 standard spectrum, and its position is shifted to lower
energy as compared with Fe2O3. It showed that the local symme-
try of Fe in STO-Fe2e16-350 sample differed from that of Fe2O3.
The position of the pre-edge feature in experimental spectrum of
STO-Fe2e16-350 better conformed to iron rich phase Sr8Ti3Fe5O23.
However its intensity is lower, which presents the evidence that
the Fe sites of STO-Fe2e16-350C increasingly deviate from the cen-
trosymmetric Oh geometry [47,48].

Further simulations were conducted to estimate the radial dis-
tribution of the nearest neighbors around Fe ion in STO-Fe2e16-350
sample. In the simulated supercells Fe was placed in either Ti or Sr
site. Remarkable, the FEFF9 calculation showed that substitution of
Fe in Sr site with the presence of oxygen vacancies provides bet-
ter matching with the FT of experimental EXAFS data as shown in
Fig. 5. The results imply that when there is a deficit of Sr in STO
crystal, Fe can substitute both Ti and Sr sites. The situation is differ-
ent from powder samples, where Fe tends to substitute Ti resulting
in SrTi1-xFexO3-� mixed oxide compounds [6,8]. Our results for Fe
ion implanted STO crystals suggest formation of Sr1-yTi1-xFex+yO3-�
phase throughout entire Fe implanted layer. This phase is observed
in RBS as Sr depleted area. However, the corresponding depletion
of Ti content cannot be detected in RBS spectra, because Ti peak is
lower in energy and mixed with signals from other elements (Fig. 1).

5. Conclusions

Strontium titanate single crystals were implanted with
30 keV Fe ion at several doses in the range from 2 × 1014 to
350 ◦C. The implantation resulted in structural disordering, and
also, in depletion of Sr content which was observed in all implanted
samples as evident from RBS analysis. Post-implantation anneal-
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ng induced recrystallization and caused Fe incorporation into the
ost crystal structure. The ion irradiation induced defects increased
TO surface reactivity with the gases from the ambient environ-
ent. In the presence of carbon contamination it led to formation of

trontium carbonate on the surface of Fe implanted, and implanted
nd O2 annealed STO samples. The oxidation state of Fe changed
rom Fe0 in as-implanted STO to Fe3+/Fe2+ in implanted and oxygen
nnealed STO samples. The FEFF9 calculation implied that Fe can
ubstitute for both Ti sites and Sr sites forming Sr1-yTi1-xFex+yO3-�
hase in O2 annealed Fe-implanted STO samples.
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