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Atomic surface structures of nanoparticles are of interest in catalysis and other fields. Aberration-
corrected HREM facilitates direct imaging of the surfaces of nanoparticles. A remaining concern of surface
imaging arises from beam damage. It is important to identify the intrinsic surface structures and the ones
created by electron beam irradiation in TEM. In this study, we performed aberration-corrected HREM
and EELS to demonstrate that TiO and bcc type Ti islands form due to intense electron irradiation. The
formation of Ti-rich islands is in agreement with previous high temperature annealing experiments on
the surfaces of SrTiOs; single crystals.

© 2014 Elsevier Ltd. All rights reserved.

High resolution electron microscopy (HREM) profile-view sur-
face imaging is particularly useful for studying the surface
structures of nanoparticles (Marks and Smith, 1983). Imaging the
atomic surface structures of nanoparticles can bridge the so-called
“materials gap” problem in surface science studies. The materi-
als gap usually refers to the research emphasis on single crystal
surfaces while the potential applications for catalysis are the sur-
faces of catalyst nanoparticles. Conventional HREM imaging with
highly coherent FEG sources suffers from the image delocalization
problems due to the large values of delocalization (v x) and enve-
lope terms beyond the first zero of the contrast-transfer function.
Therefore it requires extensive HREM simulations to understand
the experimental contrast. We note that this was not an issue with
the original work (Marks, 1984, 1985) since less coherent LaBg
sources were used — FEG sources make HREM harder to interpret.
With the implementation of aberration correctors (Haider et al.,
1998), the image delocalization in FEG instruments is significantly
reduced and the surface atoms can be clearly visualized. Recently
the surfaces of Co304 (Yuetal., 2010), SrTiO3 (Lin et al., 2013), CeO,
(Lin et al., 2014) nanoparticles were solved at atomic resolution by
using aberration-corrected HREM. Usually the high electron dose in
aberration-corrected HREM studies results in a high signal-to-noise
ratio in the images. However the high electron dose can also induce
significant damage to intrinsic surface structures. In this report, we
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demonstrate the formation of TiO and bcc type Ti islands on SrTiO3
nanocuboids due to electron beam irradiation.

The surface structures of SrTiOs single crystals are well-studied,
particularly for the (0 0 1) surface. SrTiO3 has a perovskite structure,
which is composed of a sequential stacking of SrO and TiO, layers
along the [001] direction. Depending upon prior treatments, for
instance ion-beam cleaning and chemical etching/exposure, point
defects can diffuse from the bulk to the surface sink, the surface can
be simple or complicated. Despite many years of work the exact
details of what matters is still unclear, and sometimes the surfaces
are “graduate student dependent”, that is a given recipe can give
different results. A variety of surface reconstructions have been
observed after annealing ion-beam thinned/cleaned SrTiO3 single
crystals at high temperatures (Erdman et al., 2002, 2003; Herger
etal., 2007; Kienzle et al., 2011; Lin et al., 2011; Newell, 2007). The
solved surface reconstructions are TiO,-rich, for reasons which are
still not fully understood. In addition to the flat surface recons-
tructions, step-terrace structures (Baniecki et al., 2008; Sum et al.,
1994), ridges (Sheiko et al., 1993), canyon-like features (Szot and
Speier, 1999), and islands (Lee et al., 2005) on SrTiO3 (001) sur-
faces have been revealed by microscopic techniques. In some cases
the SrO-rich Ruddlesden-Popper (RP) phase forms on the SrTiO3
surface above 900°C (Szot et al., 1996), or prolonged annealing and
higher temperatures can result in droplet-like features which were
attributed to SrO (Szot and Speier, 1999). The droplet-like features
can further agglomerate to form regular microcrystals on the sur-
face. In contrast, TiO,-rich surfaces with TiO or Ti,O phases were
observed on the SrTiO3 surface under strongly reducing annealing
environment above 900 °C, depending on the extent of reduction
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Fig. 1. (single-column) Shapes and surfaces of SrTiO3 nanocuboids. (a) A low magnification image shows the general shapes of SrTiO3 nanocuboids. (b) A HREM image of
a SrTiO3 nanocuboid in [100] zone axis. (c) A HREM image in [110] zone axis showing a flat (00 1) surface was observed initially, and was assigned to be the intrinsic
surface. (d) With a ~2 nm converged electron probe applied on the nanocuboids for ~5s, an additional island can be observed clearly, as indicated by the yellow arrow. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

(Szot and Speier, 1999). Similar results were observed on the sur-
faces of (La, Nb, Fe) doped SrTiO5 crystals (Gunhold et al., 2003; Szot
et al., 2000) as well as other perovskite materials such as SrLaAlO4
(Becerra-Toledo and Marks, 2010). Riihle et al. observed TiO islands
formed on the SrTiO3 (00 1) surface with in situ HREM after anneal-
ing at 970°C(Lee et al., 2005). In the present work, we show that in
the high vacuum TEM column, nanoscale TiO and bcc type Ti islands
form with intense electron beam irradiation.

1. Experiment

SrTiO3 nanocuboids were synthesized via a hydrothermal
method with oleic acid as a capping material (Hu et al., 2013).
The as-prepared nanocuboids were collected and dried at 90°C
for ~12h. The dry nanocuboids were dispersed in ethanol and
deposited on a CuTEM grid. The grid was then transferred into a FEI-
titan 80-300 TEM with Cc and Cs aberration correctors installed,

operating at 200 KeV. The base pressure of the specimen column
was ~1 x 10~7 Torr. All the aberrations up to Cs were tuned to
an acceptable level (Cc<1 wm, Cs =~0 pm, astigmatisms and coma
~0 wm, C5 ~ —1 mm) before recording the HREM images. After the
nanocuboids were tilted to the [100] or [110] zone axis, time-
series or focal-series images were taken with an exposure time of 1 s
foreachimage. The electron dose was measured as ~4 x 108 e/nm?s
for imaging. However, if the beam is focused to a small area (~2 nm
in diameter) on the nanocuboids, severe specimen damage can be
observed. For the latter case the dose can be two orders larger
than the imaging mode. HREM simulation was performed using
the MactempasX program based on multislice method (Cowley
and Moodie, 1957) and conventional non-linear imaging theory
(O’Keefe, 1979). The simulation parameters for simulated images
are listed in the figure captions. The EELS measurement was con-
ducted in TEM diffraction mode. The beam was converged to a
~2nm diameter area to enhance the spatial resolution.
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Fig. 2. (2-column) Evolution of the SrTiO3 (00 1) surface under electron beam irra-
diation. (a), (b) and (c) were obtained by focusing the beam on the nanocuboids for
~3s, 65, and 95, respectively. In (a), beam induced additional layers start to form.
In (c), TiO islands formed. The lattice spacing is 2.1A, as indicated by the yellow
lines. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

2. Result and discussion

The average size of SrTiO3 nanocuboids is ~20 nm, as shown in
Fig. 1(a) and (b). When the nanocuboids are tilted to the [100] or
[110] zone axis, the mainly exposed {001} facets can be clearly
imaged, as shown in Fig. 1(b) and (c) respectively. The intrinsic
exposed (00 1) surface should be generally flat, as shownin Fig. 1(c).
Due to the cuboid shape, the thickness is increasing from left to right
in Fig. 1(c). At the thin region with slight underfocus imaging con-
dition, the atoms appear as black spots. As the thickness increases,
the intensity of the spots is oscillating due to the electron chan-
neling in atom columns. Nevertheless, the surface is atomically flat
and a SrO termination is present as the undamaged intrinsic surface
structure, which is in agreement with our previous observation (Lin
et al.,, 2013). However, if an intense beam is focused on the spec-
imen for a few seconds, additional surface layers stack up on the
original flat surface. Fig. 1(d) was obtained by focusing the electron
beam on the specimen for ~5s.

The results are reproducible. Fig. 2 shows the surface evolution
under electron beam irradiation on a nanocuboid tilted to the [100]
zone axis. Fig. 2(a), (b) and (c) were obtained by focusing the beam
on the nanocuboids for ~3s, 65, and 9s, respectively. The HREM
images show a square lattice with a lattice spacing of ~2.1 A on the
islands. The spacing is ~8% larger than the spacing of the (200)
planes of SrTiOs. After searching for possible crystal structures in
Ti oxides, Sr oxides, and RP phases, only TiO with a lattice parame-
ter of ~4.15 A is close to the experimental measurement. Both TiO
and SrO have a rocksalt structure, and therefore the square lattice
should be present in the [100] viewing direction. However, the
SrO crystal has a lattice parameter of ~5.1 A, which is substantially
different from the experiment. Fig. 3(b) and (c) shows atomic reso-
lution experimental and simulated HREM images of a TiO island on
SrTiO3 surface. In Fig. 3, the black spots are atoms, as the image was
taken at underfocus condition. The simulated image matches well
with the experimental image, which further confirms the TiO phase
of the islands. In addition, we conducted EELS measurements on
the surface islands and on the nanocuboids successively, as shown
in Fig. 4. The EELS results show the islands have a significant Sr
deficiency compared to the bulk region. The absolute counts of
the Ti L-edge on the islands are less than the bulk region due to

the thickness difference. However, the quantification shows a sub-
stantial increase of Ti/O ratio on the islands compared to the bulk
region.

The results in this study are similar to previous results of high
temperature treatment of SrTiO3 under reducing conditions, as well
as electron-beam radiolytic damage studies of other oxides (e.g. (Ai
et al., 1993; Fan and Marks, 1989; McCartney et al., 1991; Petford
et al.,, 1986; Strane et al., 1988; Zhang and Marks, 1989)). The elec-
tron beam irradiation as well as the high vacuum almost certainly
created a reducing environment on SrTiO; nanocuboids. How-
ever, the TiO island formation is not caused by electron-induced
heating. The estimated temperature increase based on the inelas-
tic scattering model is only a few degrees (Egerton et al., 2004).
The dominant process is radiolytic damage for which the sim-
plest model is the Knotek-Feibelman mechanism (Feibelman and
Knotek, 1978; Knotek and Feibelman, 1978, 1979). The irradiating
electron beam excites the core-level electron of the metal, which
is followed by emission of Auger electrons from oxygen atoms. The
resulting O atom is neutral or positively charged, and can be ejected
to vacuum rather easily.

The mechanism of the formation of Ti-rich surface segregation
in the present SrTiO3 case is more complex than for binary com-
pounds. In defect chemistry (Menesklou et al., 1999; Moos and
Hardtl, 1997), it is believed the predominant ionic point defects
are Sr and O vacancies (V¢, and V{;). The surface segregation can
be possibly assigned to V¢, and V; vacancies. There is a Coulombic
attraction between V¢, and V;, as V¢ and V; are negatively and pos-
itively charged (Lee et al,, 2013). A large amount of V; are created
at the surface region by the electron beam, which can cause the
enrichment in V¢ and V;; at the surface. The V¢, and V; enrichment
leads to a Ti-rich SrTiO3 surface. The equilibrium concentration of
thermally-activated point defects of SrTiO3 at room temperature is
exceedingly low (Meyer et al., 2003). The formation and diffusion of
vacancies in this case can be attributed to the electron beam (Singh
and Marks, 1989).

A remaining question is why the TiO islands are grown instead
of double-layered TiO,-rich surface reconstructions (Erdman et al.,
2002). In this study, it seems that additional surface layers are
present locally at the early stages of electron beam irradiation on
the surface, as indicated by the arrows in Fig. 2(a) and (b). At later
stages, the atoms at the additional surface layers seem to agglomer-
ate and form islands. According to the phase diagram predicted by a
DFT study (Heifets et al., 2007), it is energetically preferable to form
Ti-rich precipitates at low O pressure and high temperature. In the
region where the bulk SrTiOj3 is not stable, the energy required to
form Ti-rich islands or microcrystals is lower than that for the for-
mation of the layer-by-layer TiO,-rich surface. A more recent study
pointed out that it is important to relate sample preparation his-
tory to the stability of different surface structures of SrTiO3 (Marks
et al., 2009). The present work demonstrates that for the non-
stoichiometric nanocuboids (SrO-terminated surfaces), TiO islands
are at least stable under intense electron beam irradiation in high
vacuum.

The majority of the surface islands are TiO, as shown in Fig. 5(a).
We also observed a small portion of Ti islands. Fig. 5(b) shows a
HREM image of a different type of island on SrTiO3 nanocuboids.
The lattice spacing is ~3.3A, smaller than the ~4.15A for the
lattice parameter of TiO. In addition to the different lattice spacing,
the lattice pattern differs from the fcc lattice of the rocksalt TiO.
We found the oxides of Ti and Sr do not have lattice parameters
and lattice patterns similar to the experiment. Only the bcc type
Ti metal (space group Im-3 m) can have such lattice pattern and
lattice parameters. A set of simulated HREM images with varying
thickness and defocus using the TiO and bcc type Ti (bcc-Ti)
structures is shown in Fig. 5(c) and (d). The simulated images of
TiO always show a square-on-square lattice pattern while the
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Fig. 3. (1.5-column) Atomic resolution HREM images showing the interfacial structure of TiO and SrO-terminated SrTiOs. (a) Experimental HREM image taken at a small
underfocus condition. (b) Cropped and magnified images of (a). (c) Simulated HREM image for (b). The simulation parameters are thickness = 3 nm, defocus = —2 nm, Cs = —5 jum,
convergence angle = 0.3 mrad, focal spread = 3.5 nm, vibration=0.4 A in both x and y directions. No astigmatisms, coma, and sample tilt were considered in the simulation.
The lattice spacing for SrTiOs and TiO are all set to 4.1 A, thus no lattice strain can be seen in the simulation.

simulated images of bcc-Ti show a checkerboard lattice pattern,
which matches with the experiment. By investigating the phase
diagram of Ti-O binary systems, the bcc phase can be a solid
solution of O in Ti matrix. Thus strictly speaking the bcc-Ti is
bcc-TiOy (x up to ~0.08) (Cancarevic et al., 2007). The presence of
TiOy islands may arise from further reduction of the TiO islands.
Itis worth noting that SrTiOs is arelatively robust material under
electron irradiation for most TEM studies (Erdman et al., 2002; Zhu
et al., 2012). In this study, however, a high flux was used with the
beam converged to a small probe. The Ti-rich surface segregation
is very similar to that observed previously on SrTiO3 single crystals
after hours of high temperature annealing, which were attributed
to the point defect chemistry of SrTiOs. It has been demonstrated
that Ti-rich surface segregation occurred after the amorphous car-
bon film on the surface was removed (Lee et al., 2005). Our previous
studies have shown that the encapsulating carbon layer on the sur-
face can reduce the beam damage (Strane et al., 1988), as the loss

of oxygen is much slower with the contamination layer present.
SrTiO3 nanocuboids with clean surfaces are thus more vulnerable to
beam damage. It should be noted that this surface segregation is not
the only damage that an intense electron beam can induce. We have
observed other types of damages on SrTiO3 such as hole-drilling
with a converged electron probe. The different types of damage
and their mechanisms have been studied previously (Egerton et al.,
2004; Strane et al., 1988).

This study reveals that beam damage should be avoided in order
to study intrinsic surface structures. In practice, whether or not the
surfaces are still intrinsic in HREM images can be determined by
surface roughness in the case of SrTiO3. For some other reducible
oxides, such as WO5 (Petford et al., 1986) and Ti;Nb9059 (Smith
and Bursill, 1985), prolonged exposure to the electron beam show
several metallic layers at the surface region. Therefore, a phase dia-
gram of surface damage for specific materials with respect to total
electron dose can be created. The investigation of intrinsic surface

Fig. 4. (2-column) (a) Illustration of the regions conducted EELS measurements. (b) and (c) EELS results showing the difference of Sr N-edge, Ti L-edge, and O K-edge of the

two regions as indicated in (a).
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Fig. 5. (2-column) Comparison between TiO and Ti islands. (a) Experimental image showing TiO islands on the SrTiO5 surfaces. (b) shows a Ti island beside a TiO island. (c)
Series of simulated HREM images with thickness changes vertically from 1 nm on top to 3 nm on the bottom and defocus changes horizontally from —10 nm on the left to
10nm on the right. Each image represents a 3 x 3 cell in the [100] zone axis. (d) The simulated HREM images with the same setting of (c) except using a bcc-Ti model. The
simulation parameters other than the thickness and defocus are the same as the ones used in Fig. 3.

structures by HREM should be done with an electron dose less than
the threshold to cause damage. Recently, this approach has been
used by Yoshida et al. using environmental TEM to differentiate
intrinsic and electron induced shapes of supported Au nanopar-
ticles (Kuwauchi et al., 2012). If the beam damage effect is not
carefully calibrated, other characterization techniques should be
used to confirm the findings of HREM profile-surface imaging.

3. Conclusions

In summary, we demonstrate that TiO and Ti islands form on the
(001) surface of SrTiO3 nanocuboids due to intense electron beam
irradiation. The results are similar to previous studies on SrTiO3
single crystals using high temperature annealing under reducing
conditions, and may be extended to the surfaces of other perovskite
materials.
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