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N
anoparticles hold enormous poten-
tial for applications in fields as di-
verse as catalysis, sensors, magnetic

devices, optoelectronics, spintronics, flat
panel display technology, and biomedical
imaging. A powerful method to control and
tailor the properties of nanoparticles is the
use of dopant atoms.1,2 However, fluctua-
tions of the dopant distribution may alter
the desired effect and thus impact the
performance and reliability of nanoparti-
cle-based devices. Hence, chemical infor-
mation on doped nanoparticles is essential
to understand thediffusion and segregation
phenomenaof individual dopant atoms and
their implications for the functionality of
these devices. But it is still a major challenge
to directly characterize the distribution of
individual dopant atoms in nanocrystals.
A few spectroscopic methods that are

sensitive to some physical property specific
to the dopants themselves have been used
to analyze the local site symmetry and
electronic structure of impurities.3 For ex-
ample, electron paramagnetic resonance
and optical absorption spectroscopy re-
spectively reveal spin interactions and elec-
tronic transitions that are sensitive to the
local environment of the impurity. Other
examples of analytical techniques sensitive
to dopant atoms are X-ray spectroscopy,
Rutherford backscattering, photolumines-
cence, and infrared spectroscopy. However,
these are statistical methods that probe
several hundreds or thousands of nano-
structures. Consequently, the data obtained
may be an average over many individual
nanostructures with significant statistical
variations. Thus, these techniques fall short
of giving local structural information at the
atomic scale.
Currently, the most advanced techniques

for observing single impurities are optical
spectroscopy especially for nitrogen-vacancy

centers in diamond, transport spectroscopy
in silicon metal-oxide-semiconductor field-

effect transistors, and cross-sectional scan-

ning tunneling microscopy for impurities in

III�V and II�VI materials.4 Yet, each of these

techniques is particularly suited for selective

impurity�host combinations, andunsuitable

for others. Moreover, there remains a cen-
tral problem: how to determine the
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ABSTRACT

Dopant atoms are used to tailor the properties of materials. However, whether the desired effect

is achieved through selective doping depends on the dopant distribution within the hostmaterial.

The clustering of dopant atoms can have a deleterious effect on the achievable properties because

a two-phase material is obtained instead of a homogeneous material. Thus, the examination of

dopant fluctuations in nanodevices requires a reliable method to chemically probe individual

atoms within the host material. This is particularly challenging in the case of functionalized

nanoparticles where the characteristic length scale of the particles demands the use of a high-

spatial-resolution and high-sensitivity technique. Here we demonstrate a chemically sensitive

atomic resolution imaging technique which delivers direct site-specific information on the dopant

distribution in nanoparticles. We employ electron energy-loss spectroscopy imaging in a scanning

transmission electron microscope combined with multivariate statistical analysis to map the

distribution of Ba dopant atoms in SrTiO3 nanoparticles. Our results provide direct evidence for

clustering of the Ba dopants in the SrTiO3 nanoparticles outlining a possible explanation for the

presence of polar nanoregions in the Ba:SrTiO3 system. The results we present constitute the first

example of site-specific atomic resolution spectroscopy of foreign atoms in doped nanoparticles

and suggest a general strategy to ascertain the spatial distribution of impurity atoms in

nanocrystals and hence improve the performance of nanoparticle-based devices.

KEYWORDS: dopant atoms . cluster formation . metal-oxide nanoparticles .
electron energy-loss spectroscopy . scanning transmission electron microscopy
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chemical nature of the probed impurity. Its solution
requires an imaging techniquewith single-atom chem-
ical sensitivity.
Transmission electron microscopy (TEM) provides

the spatial resolution to study the structure ofmaterials
on the atomic level. Because of its favorable atomic-
number contrast, scanning transmission electron
microscopy (STEM) with a high-angle annular dark-
field (HAADF) detector has widely been used to
directly image individual impurities inside a crystalline
matrix,5�12 at interfaces,13 within the lattice of two-
dimensionalmaterials,14 and recently even in the pores
of beam sensitive zeolites.15,16 Apart from the actual
image information, STEM is ideally suited for simulta-
neous imaging and spectroscopy: the transmitted
electrons can be collected by a HAADF detector to
form an atomic-number (Z-) contrast image and by an
on-axis electron energy-loss spectrometer to collect
direct chemical information of the atomic species that
inelastically interact with the electron beam when
undergoing an excitation of a core electron. Provided
the size of the incident electron probe is small enough,
electron energy-loss spectroscopy (EELS) can be per-
formed with atomic resolution.17 Moreover, the STEM-
EELS technique enables the detection and identifica-
tion of individual atoms18 and the ability to map the
elemental distribution at atomic resolution. Two-
dimensional EELS mapping was demonstrated
by Okunishi et al.19 and later on explored by,
Kimoto et al.,20 Bosman et al.21 and Muller et al.22

However, relatively few studies of doped nano-
crystals have been reported, and there are even
fewer that combine direct imaging with spectro-
scopic identification of individual dopant atoms in
nanoparticles.23

Here, we investigate the spatial distribution of bar-
ium atoms in 3 atom %-Ba doped SrTiO3 (STO) nano-
crystals employing STEM-EELS imaging combinedwith
multivariate statistical analysis24 and image simula-
tions of the HAADF and EELS signals. At low tempera-
tures, the chemically pure STO is known to exhibit
quantum paraelectricity featured by high dielectric
permittivity and low dielectric loss.25 However, the
occurrence of a ferroelectric transition in STO is sup-
pressed by quantum fluctuations.26 An approach to
suppress the intrinsic quantum fluctuations and to
induce ferroelectric transitions is to substitute Sr2þ by
isovalent polar impurities such as Ca2þ, Ba2þ, and
Pb2þ.27

RESULTS AND DISCUSSION

Crystalline Ba (3 atom %)-doped STO perovskite
nanoparticles with Sr and Ti as theA- and B-site cations,
respectively, were obtained with the use of a nonhy-
drolytic and halide-free procedure.28 The sample con-
sisted of dispersed nanoparticles typically exhibiting

(truncated) octahedron morphologies with sizes be-
tween 3 and 30 nm. A high-resolution STEM image of
such a doped STO particle oriented along a cubic axis
is shown in Figure 1a. This micrograph was obtained
with a conventional STEM/TEM microscope which
enables a large depth of field combined with an

Figure 1. Imaging Ba dopant atoms in Ba-doped STO
nanoparticles. (a) HAADF-STEM micrograph of a Ba-doped
STO nanoparticle oriented along [001] with an inset show-
ing good agreement with the truncated octahedral shape.
(b) Processed image using a smooth low-pass filter set at a
spatial frequency corresponding to 0.16 nm to reduce the
high-frequency noise. Arrowheads indicate the presence of
substitutional heavy Ba atoms in Sr positions. (c) Intensity
profile taken along the region outlinedwith a box in panel b
and calculated HAADF-STEM profile of a 0.4 nm thick STO
crystal containing a substitutional Ba atom. Inset: corre-
sponding simulated HAADF image.
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excellent Z-contrast where the HAADF signal approxi-
mately scales with the square of the atomic-number (Z)
and the thickness of the sample. Qualitatively, two
types of atomic columns are present in the particle of
Figure 1a: the bright dots correspond to Sr columns
while the weaker dots in between are TiO columns. As
the atomic number of Ba is larger than any of the other
elements present, columns containing Ba ions are
readily observable as occasional higher intensity col-
umns both at the edges and the center of the nano-
particle; see Figure 1b. Such intensity variations on the
A-site columns were never observed in nondoped-STO
nanoparticles. Note that no Ba atoms are found to form
clusters on the surface of the nanoparticles. An inten-
sity profile extracted along a Æ110æ-type direction
parallel to the edge of the nanoparticle is shown in
Figure 1c. No intensity variations due to sample thick-
ness are expected along this row of atom columns. The
intensities of the Sr and TiO columns are uniform
except for one high intensity column in the center.
This atomic column contains a substitutional Ba atom
showing an intensity rise of ∼175% compared to the
average intensity of the neighboring Sr columns. This
observation is in good agreement with a correspond-
ing HAADF-STEM image simulation of a crystal consist-
ing of 5 � 5 � 1 STO unit-cells where one Sr atom is
exchanged by a Ba atom.
HAADF images were also simulated for 1.2, 2.3, and

3.9 nm thick crystals, corresponding to 3, 6, and 10 unit
cells, respectively; see Figures 2a�c. Single-pixel line
profiles across the calculated HAADF images at the
positions indicated by boxes are shown in Figure 2e.
These simulations demonstrate that under the present
observation conditions the experimentally observed
strong spots are likely to be dopant atoms. However,
the simulations reveal that for a Sr column containing a
single Ba atom to be more than 25% brighter than a
pure Sr column, the sample must be thinner than
2.3 nm (i.e., 6 unit cells). Regarding the noise in the
experimental data, this value can be considered as an
upper detection limit. Hence, the weak scattering of
electrons by single impurity atoms is a serious limita-
tion of the HAADF-STEM technique. Especially for
particles larger than 2 nm in diameter, the image signal
generated from (quasi-)elastic electron scattering of
the buried Ba impurity atoms is hidden in the domi-
nant bulk STO signal, rendering the dopant atoms
undetectable. In order to be able to detect individual
Ba atoms in thicker areas of the nanocrystals, a chemi-
cally specific imaging technique, such as EELS map-
ping, must be used.
The STEM-EELS data in Figure 3, which was obtained

by using a dedicated aberration-corrected scanning
transmission electron microscope, depict a HAADF-
STEM image of a∼13 nm diameter doped STO particle
oriented along the [011] direction. The corresponding
EELS spectrum images in Figures 3b�d were acquired

simultaneously with HAADF images from the areas
marked with boxes in Figure 3a. The raw EELS data
were processed by principal component analysis using
multivariate statistical analysis.24 After noise reduction
by multivariate statistical analysis, the background in
all spectra was subtracted by fitting a decaying ex-
ponential function to an energy window just in front of
the different core-loss edge onsets. Figure 3 panels
b�d show the elemental atomic-resolution maps of
the Ti L2,3, Sr M4,5, O K, and Ba M4,5 edges (see
Supporting Information Figure S1) extracted from the
spectrum images. These results demonstrate that
the Sr and Ba signals largely correlate, consistent with
the idea that Ba substitutes at Sr sites. While the Ti, Sr,
and O intensities are relatively homogeneous through
the images, the Ba maps show significant spatial
variations in the distribution of the dopant atoms. Ba
atoms have a distinct tendency to form BaTiO3 (BTO)
nanodomains in STO, although isolated Ba atoms are
also observed in Figure 3 panels c,d. Exactly the same
fluctuation patterns are observed in the corresponding
atomic-resolution maps of the Ba N4,5 edge (see Sup-
porting Information Figure S2). Similar results were
obtained for other nanoparticles oriented along the
[001] and [011] zone axes.
It could be argued that the signal arising from the

core-loss events is not sufficiently localized to directly
interpret the maps and that the observed BTO clusters
aremost likely artifacts caused by electrons transferred

Figure 2. Z-contrast STEM image simulations of a Ba atom
in STO. (a�c) Simulated HAADF-STEM images calculated
respectively for 1.2, 2.3, and 3.9 nm thick STO crystals where
one Sr atom was exchanged by a Ba atom at the entrance
side of the electron beam. (d) Rendering of the supercell
with the Ba atom in the center. Ba, Ti, Sr, and O atoms are
depicted as red, green, blue, and white spheres, respec-
tively. (e) Single-pixel line profiles across the atom rows
marked by rectangles in panels a�c.
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to adjacent columns. To address this point, the role of
electron channeling was explored by calculating EELS
images of the Ba-M4,5 edge based on the multislice
theory. The contrast in atomic-resolution Ba-M4,5 maps
was reproduced by single-channeling simulations
according to the experimental parameters on a
60 eV full energy window and on a single energy
loss value 10 eV above threshold. For comparison,
double-channeling calculations were also carried out;

see Figure 4. Although the single channeling approx-
imation neglects channeling of the fast electron after
the core electron excitation, we find that the faster
simulation approach produces qualitatively similar
results to the double channelingmethod (see Support-
ing Information Figure S3).
Figure 4 shows the simulated maps of the Ba-M4,5

edge for a Ba impurity embedded in a∼5 nm thick STO
crystal. In these simulations an impurity was set at a
depth of 0.55, 2.21, and 3.87 nm. As shown in Figure 4,
the EELS signal of a single Ba atom is clearly localized
on the respective atomic column regardless of the
position of the Ba atom along the beam direction.
We also explored the effect of samplemistilt away from
the exact zone-axis conditions and simulations were
obtained for 9.5 and 19 mrad tilt angles (see Support-
ing Information Figure S4). As expected for such thin
crystals, the effects are very small and no delocalization
of the ionization interaction is observed. On the basis
of these calculations, we conclude that the inhomoge-
neous Ba distribution observed in the experimental
EELS images is not an artifact of dynamical electron
scattering and must therefore be attributed to the
A-site clustering of Ba atoms.
A final question concerns the intensity differences in

the Ba signal observed in Figure 3b�d. These intensity
variations most probably arise either from Ba atoms
located at different depths or from atomic columns
containing different numbers of Ba atoms. Figure 5
shows STEM-EELS image simulations of a ∼5 nm thick
STO crystal containing Ba atoms in two different con-
figurations. In Figure 5a, two Ba atoms are placed in
two neighboring A-site columns spaced by 0.39 nm.
The Ba atoms are separated 3.87 nm from each other
along the electron beam direction. The corresponding
EELS image of Figure 5b shows that the EELS signal of
the Ba atom located at the entrance side of the electron

Figure 4. Z-contrast STEMandEELS simulationsof theBa-M4,5

edge for a single Ba impurity. The Ba atom is embedded in a
∼5 nm thick STO crystal oriented along [011]. Shown are
double-channeling simulations obtained on a single energy
loss value10eVabove the threshold. Top,middle, andbottom
rows correspond to simulations with the Ba atom located at a
depth of 0.55, 2.21, and 3.87 nm, respectively (as depicted in
the schematic drawing).

Figure 3. Spatial distribution of chemically identified Ba
atoms in Ba-doped STO nanoparticles. (a) HAADF-STEM
image of a Ba-doped STO nanoparticle along the [011]
direction. (b�d) Simultaneous HAADF images and elemen-
tal atomic-resolutionmaps calculated from the EELS images
obtained from areas 1�3 outlined with white squares in
panel a. The RGB maps were generated using red for Ba,
green for Ti, and blue for Sr.
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probe is only 15% brighter than the signal of the Ba
atom located at the exit side. In Figure 5c, two Ba atoms
separated 3.87 nm from each other are placed on the
same atomic column, while a third one is located on a
neighboring atomic column. For this configuration, the
intensity rise of the Ba EELS signal for the atomic
column containing two Ba atoms is ∼90% compared
to the one containing a single dopant atom; see
Figure 5d. These differences are in good agreement
with the intensity differences observed in the experi-
mental Ba maps of Figure 3 indicating that the actual
occupation of Ba atoms in individual atomic columns is

the crucial factor for the observed EELS intensity. This
provides further evidence for the presence of BTO
clusters in STO nanoparticles. Yet, how does our ob-
servation of BTO clusters in nanoparticles relate to the
known properties of Ba:STO?
The presence of polar nanoregions in BaxSr1‑xTiO3

thin films was previously observed by near-field scan-
ning optical microscopy29 and Raman spectroscopy.30

The reason for the occurrence of these polar nano-
regions, however, remained unclear. Our observation
of Ba-rich nanodomains in STO thus outlines a possible
explanation for the presence of polar nanoregions in
the Ba:STO system. This explanation is in line with the
observation of polar nanoregions in the Ca:STO system
which have generally been attributed to chemical
heterogeneity; see for example, references 31 and 32.
Yet, it still remains to be shown whether similar Ba-rich
clusters also exist in Ba-doped STO films or whether
they are characteristic for the nanoparticles only.

CONCLUSIONS

In summary, our results demonstrate that the com-
bination of STEM-EELS andmultivariate statistical anal-
ysis is a powerful tool to detect single dopant atoms, to
determine the type of lattice site they occupy, and to
map their distribution in nanoparticles with atomic
resolution. By calculating EELS maps of Ba atoms in
various configurations we have shown that the BaM4,5

core-loss signal is strongly localized on their respec-
tive atomic columns. This provides the theoretical base
to conclude that the observed Ba dopant fluctua-
tions in STO nanoparticles are real. These results could
potentially relate to previous experimental29 and
theoretical33 findings suggesting the existence of polar
Ba-rich nanoregions in BaxSr1‑xTiO3 thin films. We
anticipate that the ability to chemically probe indivi-
dual atoms and to determine their placement in
nanodevices will provide new insights into the emerg-
ing field of solotronics (solitary dopant optoelec-
tronics), where the essential element of a device is a
single dopant atom.

METHODS
Synthesis of the Ba-Doped SrTiO3 Nanoparticles. Crystalline

Ba0.03Sr0.97TiO3 nanoparticles were obtained employing a non-
hydrolytic and halide-free procedure.28 The reaction mixture
was prepared in a glovebox with argon atmosphere. In the first
step of the procedure a stoichiometric amount of metallic
barium and strontium was dissolved in anhydrous benzyl
alcohol at 80 �C. The resulting solution was mixed with 1 mol
equiv of titanium isopropoxide, and the reaction mixture was
transferred to a 45 mL Teflon-lined stainless steel autoclave
(Parr acid digestion bombs). After sealing, the autoclave was
removed from the glovebox and heated at 200 �C for 48 h. The
precipitate was extracted by centrifugation and washed several
times with ethanol. Finally, the nanoparticles were dispersed
in ethanol by ultrasonication and a drop of the suspen-
sion was air-dried onto a carbon-coated copper grid for TEM

characterization. Before loading the samples into the micro-
scope, they were either plasma cleaned for a few seconds or
heated under vacuum at 100 �C to remove hydrocarbon con-
tamination from the surfaces of the nanocrystals.

Instrumentation. HAADF-STEM was performed using a JEOL
2200FS TEM/STEMmicroscope operated at 200 kV. Considering
the spherical aberration CS of 1 mm, the probe semiconver-
gence angle was 10.8 mrad and the inner semidetection angle
of the annular dark field detector was calibrated at 100 mrad.
For these operating conditions, the microscope provides a
spatial resolution of about 1.6 Å. The EELS data in this study
was obtained at 100 kV on a NION UltraSTEM 100 microscope
equipped with a C5 NION quadrupole�octupole-type probe
aberration corrector and an ultrahigh vacuum Gatan Enfina
spectrometer. The convergence and collection semiangles
were set to 30.5 and 33 mrad, respectively. For these values,

Figure 5. EELS simulations of the Ba-M4,5 edge for several
Ba impurities. (a, c) Schematic drawings of two different
configurations of Ba atoms embedded in a∼5 nm thick STO
crystal oriented along [011]. (b, d) EELS simulations of the
Ba-M4,5 edge for the configurations in panels a and c,
respectively. Insets: horizontal line profiles extracted through
the center of the Ba signals which are spaced by 0.39 nm.
The single-channeling simulations assumed the full 60 eV
energy window.
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the energy resolution measured as the full width at half-
maximum of the zero-loss peak is ∼0.35 eV. Yet, in order to
cover a large energy range in EELS, the dispersion was set to
1 eV/channel which implies that the actual energy resolution of
the EELSmeasurements is given by the point-spread function of
the spectrometer's channel detector. The energy windows used
to form the EELS images are 120, 35, 30, 60, and 32 eV for the
Sr-M4,5, Ti-L2,3, O-K, Ba-M4,5 and Ba-N4,5 edges, respectively. In
typical operating conditions for the experiments described in
this paper, the microscope provides an estimated spatial reso-
lution of 0.85 Å allowing for a depth of field between 4 and 8 nm.
The annular semidetection range of the annular dark-field
detector was set to collect electrons scattered between 95
and 195 mrad.

Image Simulations. High-resolution STEM image simulations
in Figures 1 and 2 were carried out using the xHREM simula-
tion package while the structural models used for the HAADF-
STEM image simulations were built using the CrystalKit
(TotalResolution) software. Atomic resolution 2D EELS maps of
the Ba-M4,5 edge were calculated using single- and double-
channeling simulations34 according to the experimental param-
eters of the probe-forming lens and the detector collection
geometry. The defocus value was chosen to position the beam
waist near the center of the nanoparticle since this maximized
the HAADF image contrast, the method used to select the
defocus value during the experiment. Single-channeling calcu-
lations were performed for both a 60 eV full energy window and
on a single energy loss value 10 eV above threshold, while the
double-channeling calculations were performed for the single
10 eV energy loss value only. The energy loss window calcula-
tions were performed following the approach of Allen et al.35

while the single energy loss calculations were performed
following the approach of Dwyer,36 both within a multislice
formulation. Spatial incoherence was accounted for by convolv-
ingwith a Gaussianwith half width at half-maximumof 0.04 nm.
The structural models used for the calculations were built by
simply substituting Ba for Sr in a perfect, periodic STO structure,
that is, no structural relaxation was attempted. Debye�Waller
factors for STO were obtained from the literature,37 and the
Debye�Waller factor for Ba was set equal to that for Sr (modest
variations in this choice made no qualitative difference to the
calculations).
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