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S
rTiO3 (STO) is a model complex oxide
semiconductor with such remarkable
electronic properties that it has sus-

tained attention for over five decades in
bulk single crystal form. The quantum para-
electricity displayed by thismaterial leads to
formation of an anomalously low density
high mobility metallic state,1 provides ac-
cess to quantum transport in a highly un-
usual limit,2 and supports the most dilute
superconducting state known.3 The recent
growth of interest in complex oxide hetero-
structures has further increased the appeal
of this material. Two-dimensional (2D) elec-
tron systems have been created at hetero-
interfaces4 and in delta-doped layers,5,6

producing quantum oscillations5,6 and 2D
superconductivity.5 Suggestions of emer-
gent ferromagnetism have even beenmade
in STO films,7�9 while mobilities have been
strain-enhanced beyond bulk crystals, reach-
ing 120 000 cm2 V�1 s�1.10

It is remarkable that this rapid progress
has been possible given the difficulties en-
countered with controlled doping of STO
films. In bulk crystals, n-type doping
via O vacancies (in SrTiO3�δ), Nb substitu-
tion (in SrTi1�yNbyO3), and La substitution

(in Sr1�xLaxNbO3) are all relatively well con-
trolled [e.g., ref 1]. Doping STO films and
heterostructures has proven far more chal-
lenging, however, as the demands placed
on crystalline perfection, stoichiometry, and
defect density are severe. With commonly
employed pulsed laser deposition (PLD)
methods, incorporation of Nb dopants for
example is nontrivial, and even when suc-
cessful typically leads to mobilities far lower
than bulk crystals. Recent work has pro-
vided important breakthroughs, however,
including molecular beam epitaxy (MBE)
growth of such highly stoichiometric films
that single-crystal-like mobilities occur,11

and deposition of precisely defect-managed
PLD films with dramatically improved
mobility.12 Nevertheless, much remains
to be understood regarding doping in
n-STO, including the defects that limit
the mobility, the mechanisms by which
nonstoichiometry hinders dopant incor-
poration, and the local state of electrically
inactive dopants.
In our own recent work, we have estab-

lished (see Supporting Information) that
carefully executed high pressure oxygen
sputter deposition, much like precisely
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ABSTRACT Despite rapid recent progress, controlled dopant incorporation and attain-

ment of high mobility in thin films of the prototypical complex oxide semiconductor SrTiO3
remain problematic. Here, analytical scanning transmission electron microscopy is used to

study the local atomic and electronic structure of Nb-doped SrTiO3 both in ideally

substitutionally doped bulk single crystals and epitaxial thin films. The films are deposited

under conditions that would yield highly stoichiometric undoped SrTiO3, but are nevertheless

insulating. The Nb incorporation in such films was found to be highly inhomogeneous on

nanoscopic length-scales, with large quantities of what we deduce to be interstitial Nb.

Electron energy loss spectroscopy reveals changes in the electronic density of states in Nb-

doped SrTiO3 films compared to undoped SrTiO3, but without the clear shift in the Fermi edge seen in bulk single crystal Nb-doped SrTiO3. Analysis of

atomic-resolution annular dark-field images allows us to conclude that the interstitial Nb is in the Nb0 state, confirming that it is electrically inactive. We

argue that this approach should enable future work establishing the vitally needed relationships between synthesis/processing conditions and electronic

properties of Nb-doped SrTiO3 thin films.

KEYWORDS: complex oxides . SrTiO3
. doping . interstitials . STEM/EELS
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controlled PLD and MBE, is also capable of synthesis of
highly stoichiometric undoped STO epilayers. Opti-
mized deposition conditions lead to identical lattice
parameters for film and substrate in homoepitaxy, in
addition to vanishing interfacial contrast in X-ray scat-
tering, two of the most stringent stoichiometry
criteria.11�13 Nevertheless, when these growth condi-
tions are used for deposition of STO:Nb, we observe
no measurable conductivity and significantly expand-
ed out-of-plane lattice parameter (see Supporting
Information), indicating electrically inactive dopants
and significant nonstoichiometry. In this work, we
show, by combining high-resolution X-ray diffraction
(XRD), multiple modes of transmission electron mi-
croscopy (TEM), energy dispersive X-ray spectrosco-
py (EDX), and electron energy loss spectroscopy
(EELS), that such films must in fact contain significant
levels of interstitial Nb. This interstitial Nb is found to
be inhomogeneously distributed within the films,
creating local lattice strain, modifying the local elec-
tronic density of states (DOS), but not significantly
doping electrons to the conduction band. We pro-
pose that the methods developed here could enable
critical advances in understanding the doping prob-
lem in STO, most notably a full appreciation of how
deposition and processing conditions can be opti-
mized to promote fully electrically active substitu-
tional doping.

RESULTS AND DISCUSSION

The results from one of the EDX experiments are
presented in Figure 1, which shows the lateral varia-
tions in scanning TEM (STEM) low-angle annular dark-
field (LAADF) intensity, Nb, Ti, O, and Sr EDX signal, and
corresponding representative LAADF, Nb, Ti, O, and
Sr images in a STO:Nb epilayer on STO(001). The EDX
signals from the film were compared to those in the
substrate. The thickness differences between film and
substrate were also measured, using ADF intensities,
and corresponding adjustments were made. The data
reveal quite clearly that: (i) there are regions in the film
where anomalously high concentration of Nb is ob-
served, (ii) these regions are associated with higher
LAADF intensity and lower Ti content, and (iii) there are
no systematic variations in O or Sr content throughout
the film. While the average LAADF intensity in the
STO:Nb film is only marginally higher than that from
the substrate, the local intensity variations are signifi-
cant, and are correlated with the variations in Nb
content. The Pearson correlation coefficient14 between
LAADF and Nb EDX intensities was evaluated at 0.85,
confirming a strong correlation. This coefficient is
�0.57 between the Nb and Ti signals (a relatively weak
anticorrelation), suggesting that the excess Nb does
not simply occupy vacant Ti sites. The Pearson coeffi-
cients for Sr/Ti and Sr/Nb are �0.38 and 0.72, respec-
tively, with the Sr signal mostly varying around zero

suggesting that there are no considerable or systema-
tic changes in Sr content. There is no anticorrelation
between Sr and Nb, and thus, the possibility of sys-
tematic presence of Nb on Sr lattice sites can appar-
ently be ruled out. Since there are no correlated or
systematic variations in the O signal and no secondary
phase formation (see below), excess Nb (relative to
deficient Ti) is expected to occupy interstitial sites, in
addition to substituting for Ti. This point will be
returned to throughout this paper. As an example of
the magnitudes involved, the local composition of Nb
and the fraction of interstitial Nb were evaluated in an
example region. If all Ti losses are substituted by Nb,
the excess Nb must be in the interstitial sites. In the
region A in Figure 1 for example, the Ti loss is about
8.6 at. %, whereas the concentration of Nb is about
11.5 at. %, whichmeans that about 2.9 at. % Nb (or 25%
of the local Nb) is in interstitial sites. Since the loss of Ti
atoms in the film is not uniform, the doped Nb
substituting Ti must also be clustered. As returned to
below, this dopant clustering may well play a signifi-
cant role in limiting electrical conduction in these films.
The visible increase in STEM ADF signal in the high

Nb content regions could be attributed either to changes
in composition15,16 or to the presence of strain.17 While

Figure 1. (a) STEM LAADF image of a STO:Nb film grown on
a STO(001) substrate and corresponding EDX maps of Nb L
(b), TiK (c), OK (d), and Sr L (e) peaks recorded inparallel. The
horizontal dotted lines indicate the interface between the
film (top) and the substrate (bottom). Panels f�j show
vertically averaged signal variations obtained from the
region of the film indicated by the dotted rectangle in panel
a. The LAADF, Ti, O, and Sr signals were normalized to the
undoped STO substrate. The solid lines in the LAADF
and EDX profiles are guides to the eye obtained by FFT-
filter-smoothing to remove high frequency noise. The same
parameters were used for all signals.
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STEM ADF imaging is often considered a technique for
visualization of structure with just atomic number
sensitivity (i.e., Z-contrast), this approximation is only
valid when the ADF detector inner angle (Radf) is
considerably larger than the incident beam conver-
gent semi-angle (Robj), typically such that Radf > 3 �
Robj,

18,19 allowing for use of the Rutherford scattering
model.16,20 In cases where Radf is not this large, over-
lapping and interfering diffracted beams reach theADF
detector and pure Z-contrast imaging is compromised
(see Methods section and Supporting Information).
This is ideal for detection of local lattice strain
however.17,21 Following this, Figure 2a,b shows side-
by-side simultaneously recorded LAADF and high-
angle ADF (HAADF) images of both thin film (top panels)
and bulk crystal (bottompanels) samples. Note that the
slight contrast changes in HAADF images across the
films are due to thickness variations caused by TEM
specimen preparation. The clear absence of bright
regions in HAADF film images is an indication that
those regions are indeed the result of localized lattice
strain, not strong compositional variations. This con-
clusion is further supported by bright-field (BF) TEM
imaging (Figure 2c) which also reveals contrast varia-
tions characteristic of strain but only in film samples.22

None of these variations occur in bulk single crystal
samples. As discussed in more detail below, the con-
siderable quantities of interstitial Nb in these regions
are the source of this strain. Atomic-resolution STEM
ADF images (Figure 2d) also show contrast variations in
the film samples, but critically, no evidence of micro-
structural changes or secondary phase formation in the
strained high Nb content regions. Selected-area elec-
tron diffraction (SAED) patterns recorded from the
same interfacial regions (Figure 2e) show no additional
spots, and no distortions of the [100] pattern, ruling out
secondary phases such as binary Nb oxides and
SrNbO3, which has the same crystal structure with
slightly different lattice parameter,23,24 a = 4.04 Å
(see Supporting Information). SAED measurements in
fact rule out SrTi1�xNbxO3 with x > 0.3. Since no sys-
tematic changes in oxygen content were observed, the
observed strain is also unlikely to be associated with

oxygen vacancies.17 As discussed above, XRDmeasure-
ments on such STO:Nb films indicate an average out-
of-plane lattice parameter of 3.941 Å, 0.91% increased
over the bulk STO lattice constant of 3.905 Å (see
Supporting Information). This is consistent with an
increase in unit cell volume due to Nb interstitials,
whichmust be accommodated primarily by out-of-plane
expansion due to the observed pseudomorphic growth
(see Supporting Information for details). This expan-
sion is expected to be nonuniform given that we
have clearly observed nonuniform Nb interstitial
density.
To evaluate the effects of interstitial Nb on the

electronic properties of these STO:Nb films, EEL spectra
at the Ti L2,3 and O K edges were recorded as they
probe the partial electronic DOS. Since we have de-
monstrated that Nb interstitials are accompanied by
significant lattice strain, we first considered possible
strain effects on this DOS. In the undoped STO sub-
strates, where no Nb is present, EEL spectra at the
Ti L2,3 edge (Figure 3) were recorded both from typical
unstrained regions, and from strained regions,
intentionally generated during specimen preparation
(see Supporting Information). As can be seen from
Figure 3b, the differences in the Ti L2,3 edges in strained
and unstrained regions occur only in total intensity, not
in fine structure (Figure 3c). This indicates that no
detectable changes in DOS occur in the STO lattice at
these strain levels, which are comparable with those
observed in STO:Nb films (see Supporting Information
for more details). We ascribe the overall intensity
changes to dechanneling and broadening of the
incident beam,25 due to strain. Note that the slight
anticorrelation of STEM LAADF and HAADF images in
highly strained regions, as can be seen in Figure 2a,b, is
also due to strain-induced changes in electron beam
channeling.
Similar low-noise EEL Ti L2,3 and O K edge spectra

were acquired from STO:Nb films (with both substitu-
tional and interstitial Nb) and frombulk STO:Nb crystals
(with predominantly substitutional Nb) (Figure 4).
Spectra from undoped STO substrates were also ob-
tained for reference. Focusing first on the left panel of

Figure 2. STEMADF images simultaneously obtained from STO:Nb films and STO:Nb bulk crystals (a) using a LAADF detector
with Radf of about 20 mrad for strain imaging and (b) using a HAADF detector with Radf of about 60 mrad for Z-contrast
imaging. (c) Conventional BF TEM images from the same samples. (d) Atomic-resolution STEM LAADF and HAADF images of
the STO:Nb film. (e) A SAED pattern recorded from the STO:Nb film. Interfaces between film (top) and substrate (bottom) are
indicated by the dotted lines and the scale bars (a�c) represent 10 nm.
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Figure 4, we see that the Ti L2,3 and O K edges of bulk
STO:Nb show a shift in the edge onsets, and additional
changes infine structure, relative to undopedbulk STO.
This shift of 0.3 ( 0.05 eV in both Ti L2,3 and O K edge
onsets (Figure 4a,c) can be interpreted as an upward
shift in the Fermi energy at 1.4 at. % substitutional Nb
doping cf. nominally undoped STO, although it should
be noted that this shift propagates throughout the fine

structure, meaning that alterations of the DOS are also
occurring, as opposed to rigid-band filling. Turning to
the right panel of Figure 4, we see that the Ti L2,3 and
O K edge EEL spectra obtained from STO:Nb films
show considerably smaller Nb-induced shifts in the
edge onset region than bulk single crystal STO:Nb.
This clearly suggests that Nb doping with a large
density of Nb interstitials has a much weaker impact

Figure 3. (a) STEM LAADF image of a STO(001) substrate with strained regions. The strain fields here originate from
defects formed during ion milling. (b) Ti L2,3 edge EEL spectra from unstrained and strained STO regions (areas of data
collection are indicated in panel a by the black and red rectangles respectively). (c) Data in panel b after normalization.
The difference between the normalized spectra is shown on the bottom, and statistical noise levels are indicated by the
dotted lines.

Figure 4. EELS fine structure of (a and b) Ti L2,3 and (c and d) O K edges from undoped STO substrate, bulk STO:Nb with
substitutional Nb doping, and STO:Nb film with substitutional and interstitial Nb. Differences with respect to undoped STO
are shown on the bottom, and statistical noise levels are indicated by the dotted lines.
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on the band filling and distortion, i.e., that these Nb
interstitials are significantly less electronically active
than substitutional Nb. As returned to below, we
should emphasize that carrier compensation by other
defects is also certainly possible. This is of course
consistent with the vastly different electronic trans-
port properties of bulk STO:Nb and these particular
epilayers. Bulk STO:Nb crystals at this doping level
have resistivity in the 10�3 Ωcm range at 300 K,
compared to >100 GΩ resistance in these particular
STO:Nb films. At higher energies (>459 eV for the Ti
L2,3 edge and 532.5 eV for the O K edge) significant
changes in fine structure occur for STO:Nb films
compared to both STO:Nb crystals and undoped
STO. This indicates that high densities of interstitial
Nb do induce higher energy changes in the DOS, as
expected. Note that the observation that Nb incor-
poration clearly impacts the Ti edge is unambiguous
evidence that the Nb dopants are in atomic-scale
proximity to Ti ions, again confirming that precipita-
tion of Nb-containing secondary phases does not
occur.
Figure 5a shows, schematically, two obvious possi-

ble locations for interstitial Nb in the STOunit cell; one a
tetrahedral site (t-Nb) and one an octahedral site
(o-Nb). Each unit cell has 8 identical tetrahedral and 3
identical octahedral sites. A simple 2D hard sphere
representation with Sr2þ, O2�, Ti4þ, and t-Nb in a (110)
plane is presented in Figure 5b, with the ionic radii26

shown. The high compatibility of Nb5þ as a substitu-
tional dopant on the Ti4þ site is simply seen from
the similarity of the 6-fold coordinated ionic radii for

Ti4þ (74.5 pm) and Nb5þ (78.0 pm).26 Figure 5b also
clearly shows that when Nb occupies interstitial
sites (either t or o), it necessarily expands the
local lattice parameter, introducing strain. The mag-
nitude of this strain will depend on the oxida-
tion state of the interstitial Nb, as aptly demon-
strated by the comparison of the Nb5þ and Nb0

extreme cases in Figure 5b. Since the effective
sizes of t and o interstitial sites are similar, the strain
is expected to be similar in these two cases (see
Supporting Information for details). Thus, for simpli-
city, we limit further discussion to t-Nb. It should
be noted here that more study, beyond the scope
of this report, will be necessary to clarify which of
these two interstitial sites is energetically favorable
for Nb.
To make quantitative comparison to the strain-

sensitive high-resolution STEM LAADF images presented
above, we constructed a simple model to estimate
strain fields based on local Nb interstitial density, and
the oxidation state of the interstitial Nb. Using a hard
sphere model, the displacements of the first nearest
neighbor Sr2þ, O2�, and Ti4þ ions were first estimated
around a Nb interstitial. The displacements of the
second, third, fourth, etc. nearest neighbor ions were
then evaluated through a displacement vector, uB(rB) =
(R0

2δR/r3)rB, at point rB from the Nb interstitial site, where
R0 and δR are the distances and the displacements of
the first nearest neighbor ions.27 The strain field thus
calculated was then used to simulate STEM LAADF and
HAADF images using the Multislice computational
method28�30 with the code developed by Kirkland31

Figure 5. (a) Perspective view of the STO unit cell with interstitials (one t-Nb and one o-Nb), and a highlighted (110) plane
(dotted blue line). (b) 2D schematic of the (110) plane in panel a showing a t-Nb interstitial overlappingwith neighboring ions
based on a hard sphere model. Ionic and/or atomic radii are the following: 12-coordinated Sr2þ (158 pm), 6-coordinated Ti4þ

(74.5 pm), 2-coordinated O2� (121 pm), 4-coordinated Nb5þ (62 pm), and Nb0 (143 pm).26 (c) Comparison of STEM LAADF (left
panel) andHAADF (right panel) imageswith corresponding intensity profiles obtained fromexperimentalmeasurement (top,
close-ups of Figure 2d), Nb0 simulation (middle), andNb5þ simulation (bottom). The interfaces betweenfilm and substrate are
indicated by the lines and the scale bars represent 1 nm.
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(see Supporting Information for details). Two sets of
simulations were performed. In one case, all interstitial
Nb was considered to be Nb0, while in the second, all
interstitial Nb was considered to be Nb5þ. To directly
compare to experimental observations, we simulated
11.5 at. % Nb concentrations with 25% interstitial Nb,
i.e., the physical situation occurring in the nanoscopic
region A in Figure 1a. A specimen thickness of 35 nm
was considered here, to correlate with the actual speci-
men thickness measured experimentally using low-
loss EELS (the log ratio method was used, with a mean
free path for bulk plasmon generation in STO of λp =
123 nm).32,33 The results are shown in Figure 5 both as
images, and as laterally averaged intensity profiles.
Clearly, the experimental STEM LAADF images and line
profiles are in much closer agreement with the inter-
stitial Nb existing in the Nb0 state, broadly consistent
with the EELS data. Partially ionized Nb (Nb4þ or Nb3þ)
results in strain somewhat similar to that induced by
Nb5þ (see Supporting Information), which is at much
lower levels than that detected in experiment. In
totality our microscopy and spectroscopy results thus
point to substantial electrically inactive interstitial Nb0

incorporation, consistent with the lack of metallic
conductivity. Since Ti and Sr contents also fluctuate
on the nanoscopic level, as shown in EDX data, Ti
or Sr vacancy-driven compensation (and mobility
reduction)maywell also occur,12 although this appears
smaller than for Nb interstitials. Furthermore, since the
Ti loss in the film is not uniform, the substituting Nb

must clearly be clustered, likely further contributing to
poor conductivity. In any case, we propose that defects
and strain severely hinder the mobility in films such as
these, precluding measurable electronic conductivity
despite the fact that some substitutional doping does
occur.

CONCLUSIONS

In summary, we have studied the local structural and
electronic properties of STO:Nb epilayers deposited
under conditions that yield nominally ideal stoichiom-
etry for undoped STO. Even under such conditions, we
find expanded out-of-plane lattice parameter, and
insulating electronic behavior, in stark contrast to bulk
Nb-doped single crystals. The Nb incorporation was
found to be highly inhomogeneous on nanoscopic
length-scales, the spatial variations being closely cor-
related to LAADF intensity in STEM imaging, which we
demonstrate to be due to large quantities of interstitial
Nb. Secondary phase formation is ruled out, even at the
nanoscopic level. EEL spectra reveal changes in the
DOS in STO:Nb films compared to undoped STO, but
without the clear shift in the Fermi edge seen in bulk
single crystal STO:Nb. From simple simulations, we
argue that the strain field seen in experiments likely
arises from interstitial Nb in the Nb0 state. The results
thus point to the presence of electrically inactive Nb
interstitials in large quantities, which, in addition to
other defects, are responsible for the poor bulk
conductivity.

METHODS
Preparation of STO:Nb Films. In this work, 270 Å thick epitaxial

STO:Nb films were deposited on STO(001) substrates by RF high
pressure oxygen reactive sputtering from a 5 at. % Nb com-
pound target synthesized by solid-state reaction/sintering. Prior
to growth, substrates were annealed in 1.88 Torr of oxygen at
900 �C. Deposition was performed at 900 �C in 1.88 Torr of
oxygen, followed by cooling in 600 Torr of oxygen. This was
done at growth conditions optimized for undoped STO homo-
epitaxy, leading to identical lattice parameters for film and
substrate, and vanishing X-ray scattering contrast (see Support-
ing Information for details). Although calibrated X-ray photo-
electron spectroscopy confirms approximately 5 at. % Nb
incorporation in the STO:Nb films, we obtain no measurable
conductivity (i.e., two-terminal resistance >100 GΩ), and out-of-
plane lattice parameter of 3.941 Å, i.e., 0.91% expanded over
bulk STO (see Supporting Information). The data presented in
this paper are for 5 at. % Nb films, although similar results were
obtained from 0.1 to 5 at. % Nb and for thicker films, above
any anticipated depletion thickness. For comparison, we also
studied commercial (MTI Corporation) bulk single crystal
undoped STO and STO:Nb, with 1.4 at. % Nb. Such doped
crystals have close to 100% electrically active dopants, with
negligible compensation.1

Characterization. Conventional TEM, STEM ADF imaging, and
EELS data were acquired using a FEI Tecnai G2 F30 S-TEM
equipped with a Gatan Enfina-1000 EEL spectrometer.34 Addi-
tional EDX maps and STEM ADF images were obtained using
aberration-corrected FEI Titan G2 80�200 and JEOL JEM-
ARM200F STEM systems. Cross-sectional TEM specimens were

prepared by a standard mechanical wedge polishing technique35

followed by gentle ion milling (see Supporting Information for
details). The EELS Nb M2,3 edge has sharp white lines and is
sensitive to oxidation state.36,37 However, it has very small
scattering cross section limiting its measurement in STO with
proper signal-to-noise ratio without damaging specimens.
Unfortunately, Nb M4,5 edge with reasonably high scatter-
ing cross-section has delayed and fairly featureless fine
structure,37,38 limiting its usefulness for quantitative EELS (see
Supporting Information). Detection of Nb was thus carried out
using the new generation high-efficiency EDX systems available
on modern aberration-corrected STEM systems. These systems
allow higher X-ray count rates, and better sensitivity to low
concentration elements. In our experiments, EDX composition
maps were acquired in parallel from the Nb L, Ti K, O K, and Sr L
peaks, with corresponding STEM ADF images. All data were
recorded in a single scan, covering both film and substrate, and
were repeated several times to ensure reproducibility.

Control of ADF Detector Inner Angle. To separate strain effects
from Z-contrast in STEM ADF images, and to obtain solely
Z-contrast information, the Radf was controlled in STEM imag-
ing. An FEI Tecnai G2 F30 S-TEM was used in these experi-
ments. TheRadf can be controlled by varying the camera length.
The strain contrast is seen to disappear with the increase of Radf

(i.e., decreasing the camera length). The Robj of the incident
STEM probe was measured to be 9 mrad. We observed that
HAADF images obtained with an Radf∼ 60 mrad is sufficient for
Z-contrast imaging. For the same camera length, the inner angle
of the LAADF detector is Radf ∼ 20 mrad, which easily captures
strain in the crystal (see Supporting Information).
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Core-Loss EELS Measurements. EELS data were acquired using a
FEI Tecnai G2 F30 S-TEM equipped with an Enfina-1000 Gatan
spectrometer.Measurementswere conductedwith a dispersion
of 0.05 (see Supporting Information) and 0.1 eV/channel at 200 kV.
To prevent electron beam damage of the samples, and to
increase signal-to-noise ratio of the EELS core-edges, 25�50
spectra for each sample were recorded, position-by-position,
and the spectra were summed after aligning precisely to the
zero-loss peak position. It was confirmed that the beam dwell
time used in these experiments was sufficiently low to avoid
detectable specimen damage. All spectra were recorded under
the same conditions. Background signals were subtracted using
a power-law fitting function and then EELS core-edges were
normalized in the postedge region, i.e., around 472 and 556 eV
for Ti L2,3 and O K edges, respectively.
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