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ABSTRACT: Doping inhomogeneities in solids are not
uncommon, but their microscopic observation and under-
standing are limited due to the lack of bulk-sensitive
experimental techniques with high enough spatial and spectral
resolution. Here, we demonstrate nanoscale imaging of both I

Monochromated EELS of Ba, ,La,SnO,
Dopant density'(x=0.02-0.16) !

|
| |

(EELS). By analyzing high- and low-energy excitations in [l smons (0.8'eV) ap (3. gfﬁvf
EELS, we reveal chemical and electronic inhomogeneities ! - e =
confined between high- and low-doping regions. We further

quantify the carrier density, effective mass, and dopant activation percentage by EELS and transport measurements on the

dopants and free charge carriers in La-doped BaSnO; (BLSO) Tr ki
within a single BLSO nanocrystal. The inhomogeneous doping
leads to distinctive localized infrared surface plasmons,
bulk single crystals of BLSO. These results not only represent a practical approach for studying heterogeneities in solids and
understanding structure—property relationships at the nanoscale, but also demonstrate the possibility of infrared plasmon

using high-resolution electron energy-loss spectroscopy - g
including a previously unobserved plasmon mode that is highly
tuning by leveraging nanoscale doping texture.
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monochromated electron energy-loss spectroscopy, inhomogeneity

he electrical and optical properties of materials are
I strongly influenced by their free charge carriers.'
Consequently, tuning the carrier density has been of
critical importance for the design and fabrication of semi-
conductor devices, as well as for exploring exotic electronic
states in complex oxides such as superconductivity’ " and
topological effects.” Chemical doping is often exploited to tune
the carrier density in solids, although it may introduce
chemical and electronic inhomogeneities at the nanoscale.””®
These inhomogeneities are often detrimental to carrier
mobility and device performance.””'' However, in some
material systems, the inevitable heterogeneities exhibit a
close correlation with the emergence of ferroelectricity,”~"*
high-temperature superconductivity,lsf17 and unconventional
magnetism. =
The relationship between these exotic properties and
nanoscale heterogeneities has been challenging to study
because of the high demand on both spatial and spectral
resolution of the required experimental techniques. Scanning
probe microscopy has been useful to cover this gap because it
offers the possibility to investigate a wide range of local
phenomena, including surface structures and local density of
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electronic states by scanning tunneling microscopy,”” nano-
. . . . 23,24
scale electrical properties by electrostatic force microscopy,
and optical excitation strengths by scanning near-field optical
. 25-29 . )
microscopy. However, the scanning probe techniques are
primarily sensitive to surface properties and only offer access to
a limited spectral range. Thus, it remains difficult to directly
relate the local structure and chemical composition to the
electrical or optical properties in materials of interest.”” In
this regard, scanning transmission electron microscopy
(STEM) combined with electron energy-loss spectroscopy
(EELS) represents a powerful alternative, as it allows imaging
of atomic structures with the simultaneous measurement of
local elemental composition, chemical bonding, and electronic
excitations down to the single-atom level.”’
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Figure 1. Electronic excitations in EELS. (a) Schematic diagram of electronic excitations, including collective modes (intraband plasmons of
free carriers indicated by the green arrows, and interband plasmons indicated by the gray arrows) and single-particle transitions from core
levels (blue) or the valence band (VB, red) to the conduction band (CB) states above Eg. (b—e) Doping dependence of low-loss and core-
loss EELS in Ba,_,La,SnOj single crystals with x = 0, 0.01, and 0.05. (b) Electron energy losses associated with the excitation of phonons and
carrier plasmons. The vertical dashed line indicates the highest longitudinal optical phonon energy near 100 meV. (c) Valence to
conduction-band-edge transitions. (d) Valence plasmons and higher-energy interband transitions. (e) Core-loss EELS of transitions from Ba
and La core levels to unoccupied states. EEL spectra in (d) and (e) are offset for clarity.

Thanks to a series of recent advances in energy
resolution,*”*® state-of-the-art monochromated STEM-EELS
provides access into excitations over a broad energy range
(from meVs to keVs’*), thus emerging as the technique of
choice to simultaneously probe high-energy core-level
transitions and low-energy excitations, such as phonons,‘j’s_43
infrared plasmons,*~*” and valence electronic excitations.
Importantly, EELS can be combined with high-resolution
imaging®”*" to reveal local structure—property relationships.

Here, we report a method for characterizing both chemical
and electronic inhomogeneities at the nanoscale, demonstrated
by a simultaneous imaging of dopants and free charge carriers
in La-doped BaSnO; (BLSO), a high-mobility perovskite
oxide.>*™>* Through monochromated STEM-EELS, we
measure electronic excitations associated with free carriers
and dopants in the low-loss and core-loss regions of EELS,
respectively. These measurements and analyses allow for direct
imaging of chemical and electronic inhomogeneities, as well as
local doping characteristics, even within a single nanocrystal of
BLSO. Our results unambiguously show the strong influence of
inhomogeneous doping on the plasmonic response. Specifi-
cally, we experimentally observe and numerically corroborate
an interfacial plasmon mode localized between high- and low-
doping regions. We demonstrate inhomogeneous doping as a
tool for plasmon customization on the few-nanometer scale,
with potential application in the design of advanced devices
necessitating a high surface and bulk hybrid confinement of
optical fields.

48,49

RESULTS AND DISCUSSION

Doping Dependence of Low-Loss and Core-Loss
EELS. In EELS, energy-loss events can occur due to different
mechanisms, including individual and collective electronic
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excitations that span a wide energy range, as schematically
shown in Figure 1la. The spatial distribution of these excitations
can be revealed thanks to the sub-nanometer size of the
electron beam traversing the specimen. At relatively high
energies, valence plasmons (i.e.,, collective electronic modes
analogous to interband plasmons, but occurring at energies
largely exceeding the electronic band gap) and core-losses
(single-particle interband transitions involving core electrons
to unoccupied states above Eg) are routinely observed in EELS
experiments, even at a relatively low energy resolution.*®
Lower-energy excitations in solids, such as phonons and
plasmons, as well as interband transitions in the UV—visible
spectral range, can be better resolved with the aid of an
electron monochromator capable of providing few-meV energy
resolution.””>

Here, we observe all of these types of excitations in the bulk
single crystals of Ba;, ,1aSnO; as a function of nominal
doping, x, as shown in Figure 1b—e. The crystals were grown
by a floating-zone method with homogeneous doping (see
Methods). We acquire the EEL spectra in Figure 1 from 5 X §
nm? regions of the TEM specimens. Starting from a wide-
band-gap insulator without doping (x = 0), Ba,_,La,SnO,
becomes a degenerate semiconductor as the level of La doping
increases (see x = 0.01, 0.05 curves in Figure 1b,c). The
metallic transport properties are manifested in the infrared
dielectric response, as revealed in the low-loss region of
monochromated EELS in Figure 1b. In the 50—900 meV
spectral window, the main processes contributing to electron
energy losses are phonons and excitations associated with the
doping charge carriers. For undoped crystals, we observe only
narrow resonances below ~90 meV, corresponding to the
phonon polaritons in BaSnO,.°° With increasing n-type
doping, the carrier electrons have higher Fermi velocities and
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Figure 2. Mapping chemical and electronic inhomogeneities in a BLSO nanocrystal. (a) STEM-HAADF image of a square-shaped BLSO
nanocrystal. (b) Atomic-resolution HAADF image near the edge of the crystal, within the rectangular region marked by solid red lines in (a).
(c) Low-loss EELS signal acquired at electron beam positions indicated by color-matching squares in the HAADF image in (b). The
corresponding distances to the crystal edge are labeled between the two sets of spectra. Spectra at consecutive distances are offset for clarity.
The spectrum at 60 nm (blue) is taken outside the region shown in (b). Red and blue markers indicate energies of bulk carrier plasmons and
band gaps, respectively. (d) Energy-filtered maps of bulk plasmons integrated from 780 to 830 meV. (e) Burstein—Moss shift map and (f)
dopant percentage map for the nanocrystal in (a) over the region indicated by the red dashed rectangle. (g) Dopant percentage (top), bulk
carrier plasmon energy and B-M shift (middle), and carrier density (bottom) as a function of electron beam position along a horizontal line
between the two white arrows in (a). Gray curves in the bottom panel of (g) indicate doping activation percentages of 30% and 60%. The

scale bars in (a), (b), and (d) indicate 50, 5, and 20 nm, respectively.

respond more quickly to the external field than the ions; the
phonons are thus screened in doped BaSnOj;. The Coulomb
interaction between fast electrons and free carriers gives rise to
the plasmons that we observe in doped BaSnO;.”” We refer to
these low-energy excitations as carrier plasmons in what
follows. As elaborated in later sections, the spectral range of
carrier plasmons is primarily set by the carrier density. For the
doping level studied here, we observe surface and bulk carrier
plasmons below about 1 eV.**

Doping-induced changes in the optical band gap, the
Burstein—Moss (B-M) shift,"”% is also prominent in our
EELS measurements over the 2—6 eV energy range shown in
Figure lc. BaSnO; has a wide band gap of >3 eV°' and a
sufficiently small high-frequency dielectric constant &, for it to
make Cherenkov losses negligible in our EELS experiments
with a 60 keV electron beam.®>** Although BaSnOj; has a
smaller indirect band gap, the associated transition probability
is orders of magnitude lower than the direct transitions.’!
Thus, the energy loss intensities we observe here primarily
stem from direct interband transitions near the I" points.** The
loss signal from indirect transitions likely overlaps with that
from defect states from the top and bottom surfaces of the
TEM specimen,” thus appearing as a nonzero background
below the absorption onset dictated by the direct band gap

energy. With increasing doping, a blue shift of the optical gap is
clearly observed, as shown in Figure 1lc.

It should be noted that the carrier plasmons with a strong
doping dependence in Figure 1b are intraband in nature. They
are accompanied by other more lossy interband plasmons at
relatively high energies, whose energy is in fact proportional to
the square root of the valence electron density. In view of their
origin, we denote these modes as valence plasmons, in contrast
to the aforementioned sub-eV carrier plasmons. In the case of
undoped BaSnO;, the valence plasmon is around ~26 eV.°° In
our results, valence plasmons and high-energy interband
transitions both show no measurable dependence on
doping—we observe nearly identical spectra in undoped and
doped crystals (see Figure 1d). This is not unexpected because
the lattice constant and valence electronic band structure
remain largely unaffected when substituting La for Ba. The
introduced carrier density is typically below 1 X 10*! cm™%
which is orders of magnitude smaller than the valence electron
density and should accordingly cause only marginal variations
in the valence plasmons at about 26 eV. Therefore, changes
due to carrier doping can be measured exclusively in the low-
loss EELS region shown in Figure 1b,c.

We also analyzed core-loss EELS associated with the A-site
chemical composition of BaSnOj; (Figure le). As expected, the
La-M,  edge intensity increases with nominal doping. For this
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Figure 3. Localized surface plasmons in BLSO nanocrystals. Experimental (top) and simulated (bottom) localized surface plasmons in

square-shaped BLSO nanocrystals with homogeneous (left) and inhomogeneous (right) carrier density distributions.

material system and many others, where the dopant and host
lattice differ in atomic number by only 1, core-loss EELS is
more useful than high-angle annular dark field (HAADF)
imaging for identifying dopant locations.

Real-Space Mapping of Dopants and Charge Carrier
Excitations. From the knowledge of the excitation energies
shown above, dopants and free carriers can be visualized in real
space by monochromated EELS mapping. This is demon-
strated for a single BLSO nanocrystal, as shown in Figure 2a.
This square-shaped BLSO nanoflake is about 20 nm thick as
measured by EELS (Section S3, Supporting Information).
Although atomic-resolution HAADF imaging of the crystal in
Figure 2b shows no substantial contrast variation, low-loss EEL
spectra shown in Figure 2c reveal significant changes due to
electronic inhomogeneities. From the spectra in the 50—1000
meV energy range, we see how the bulk carrier plasmons are
shifting from 830 meV (at a distance of SO nm from the flake
edge) to about 500 meV (20 nm away from the edge). Bulk
plasmon energies are signaled by the zero crossing of the
frequency-dependent BLSO dielectric function &(w) (ie., a
pole in the loss function Im{—1/&(w)}). These modes show
up as isolated peak maxima in the loss spectra for an electron
beam placed at 60, 50, 40, and 3 nm from the flake edge, while
they emerge as shoulders of the more intense surface plasmons
in the spectra acquired at distances of 30, 20, and 10 nm. This
is because, with decreasing energy, the bulk plasmon peaks not
only red-shift in energy but also decrease in intensity®®
(Section S1, Supporting Information). In the 200—600 meV
spectral range, we observe surface carrier plasmons whose
energies are influenced by both the local plasma frequency and
the specimen shape, as we show in Figure 3. In addition, we
observe phonon polaritons between 80 and 100 meV, whose
intensities are inversely proportional to the bulk plasmon
energy. We believe the phonon polaritons stem from regions
where lattice vibrations are not completely screened by free
charge carriers, such as in surface depletion layers.”””’

Local optical gaps measured by EELS also show spatial
variations, as shown the in 2—6 eV spectra in Figure 2c. We
extract the optical gap by modeling the absorption onset
(Section S2, Supporting Information) and find that the local
optical gap changes between 3.28 and 3.66 eV within the
region shown in Figure 2b, depending on the electron beam
positions.

Spatial variations of carrier plasmons and optical gap are
visualized in the EELS maps in Figure 2d,e for the whole
nanocrystal. Figure 2d shows an energy-filtered map of the
bulk carrier plasmons in the vicinity of 800 meV. The

18798

resonances are observed only in part of the flake (left and
center-top), because the rest of the flake shows an A, value
that is considerably lower (Figure 2c and Section SI,
Supporting Information). The B-M shift (evaluated with
respect to the value obtained for x = 0) also shows significant
spatial variation, in the range of 200—550 meV. The maps of
these two quantities exhibit close correlations, suggesting that
the electronic inhomogeneity is a common origin of these
variations.

Moreover, we also measure the dopant percentage of this
inhomogeneously doped crystal by core-loss EELS mapping, as
shown in Figure 2f. The dopant percentage x is defined as N,/
(Ng, + Ny,), where Ny, and N, are the numbers of atoms per
unit area for Ba and La, respectively. We quantify the dopant
percentage from core-loss EELS via the k-factor method, which
only requires knowing the ratio of Ba- and La-M, s-edge cross
sections, rather than their absolute values.”' Specifically, we
approximate the M, ;-edge intensity for Ba and La as Nj, and
Ny, respectively, and calculate x for each pixel (3.2 X 3.2 nm*)
of the core-loss EELS map. The result is shown in Figure 2f,
where we see that the spatial regions with larger x coincide
with regions exhibiting a large B-M shift, as shown in Figure
2e. These regions also feature the high-energy bulk carrier
plasmons. Thus, the chemical and electronic heterogeneties are
closely related in real space. These spatial variations are also
compared more quantitatively as line profiles in Figure 2g,
where we plot dopant percentage, the bulk plasmon energy,
and the B-M shift as a function of beam position.

Influence of Doping Inhomogeneity on Localized
Surface Plasmons. The doping inhomogeneity determined
above has a strong influence on the global plasmonic response
of the BLSO nanocrystal. This can be seen in a comparison
between BLSO nanocrystals with homogeneous and inhomo-
geneous carrier density distributions, as illustrated in Figure 3.
In the left panel of Figure 3, a square-shaped BLSO nanoflake
with a relatively homogeneous carrier density distribution
shows localized surface plasmon resonances near the corners,
edges, and faces at around 350, 440, and 560 meV,
respectively. The energy and spatial distribution of these
surface plasmons are well reproduced by numerical calcu-
lations. Similar geometrically controlled modes are character-
istic in cubic-shaped particles, as previously observed in both
plasmonic’>~"* and phononic*>”® materials.

In contrast to homogeneous particles, the BLSO nanocryst-
als under study, featuring inhomogeneous doping, exhibit
substantially different surface plasmon resonances. In the right
panel of Figure 3, we visualize the localized surface plasmons of
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colored according to the total area for a given N and x.

the BLSO nanoparticle studied in Figure 2. Instead of the
existence of corner mode plasmons that brighten all corners at
one resonance energy, we observe resonances localized near
the left and right corner at different energies. The corner mode
at 320 meV only appears near the left corner. The right corner
also shows a localized plasmon, but at a much lower energy of
~180 meV (Section S1, Supporting Information). Although
this particle has a size and shape almost identical with that in
the left panel of Figure 3, the inhomogeneity in local dopant
percentage leads to a different spatially varying carrier density
and thus bulk plasma frequency. We corroborate these
experimental results through numerical simulations, where
we use locally varying bulk plasmon frequencies extracted from
experiments. The simulated results also reveal corner modes
occurring at different energies as well as similar patterns in
energy-filtered maps corresponding to the edge- and face-like
plasmons around 450 and 560 meV, respectively. The
relatively minor differences between experimental and
theoretical results, particularly visible at higher energies, can
stem from additional inhomogeneities in plasmon damping,
not incorporated in the numerical models. The lower left
corner of the flake has a larger thickness (Section S3,
Supporting Information), which is the reason plasmon
intensities near this location in experiments are higher than
the simulated values.

Furthermore, we observe an interesting interfacial plasmon
mode in the inhomogeneous nanocrystal. As shown in Figure 3
(right panel), this mode starts to appear near 320 meV, which
becomes more pronounced with increasing energy and finally
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peaks at about 390 meV, before merging with the face-like
mode resonance near the high-doping side (above 450 meV in
experiments). This interfacial mode forms a circular pattern
that is highly confined between the low- and high-doping
regions across the whole particle. An interfacial plasmon
generally occurs at a boundary that separates two metal-like
regions j = 1, 2 that are characterized by different bulk plasma

frequencies ), ; & /N;/m;", dictated in turn by their respective

carrier densities N; and effective masses m*. For a planar
interface, the mismatch between the corresponding Drude-like
permittivities (g;(@); similar to eq S2 in Section SI,
Supporting Information) gives rise to a mode signaled by a
pole in the Fresnel reflection coeflicient. Neglecting

retardation, this implies & + &, = 0, which leads to the

mode frequency w,, = \/(a)}i1 + w:,Z)/(goo,l + €5,2), where

€, are high-frequency dielectric constants. The mode
confinement is directly revealed by the EELS probability,
which is symmetrically decaying with the distance b to the
interface as described by the modified Bessel function o
Ko(2w1,b/v), where v is the electron velocity.* Although the
dopant positions here are random, this phenomenon points to
the possibility of infrared plasmon engineering by tuning
chemical doping at the atomic scale. For instance, an
electromagnetic wave could be guided’® along an arbitrary
path in a low-doping channel with extremely confined size that
is determined by the placement of dopants.

Quantifying Free Carrier Characteristics and Doping
Efficiency. Next, we quantify the carrier density from the
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experimentally measured bulk plasma frequency and optical
band gap without making assumptions on the carrier effective
mass. The bulk plasma frequency takes the form

2 * . . . :
w, = \|Ne“/egm”, where N is the carrier density and m*

the effective mass, e and &, stand for the elementary charge and
the vacuum permittivity, respectively. Although the bulk
plasma frequency is informative about the infrared and optical
properties of materials, it only reveals the ratio between carrier
density and effective mass.”” The carrier effective mass is often
highly dependent on doping level because of the band
nonparabolicity. Thus, in order to unambiguously determine
the carrier density and effective mass from a measurement of
hw,, knowledge of another doping-dependent quantity is
required. In this work, we find that the simultaneous
measurement of bulk plasmon loss and the Burstein—Moss
shift by EELS makes it possible to quantify both the local
carrier density and the effective mass.

In order to corroborate the free carrier density and effective
mass quantified from EELS, we have also performed Hall
measurements on the bulk single crystals, whose bulk plasmon
energy and B-M shift were studied by EELS as shown in Figure
1. The BLSO bulk crystals with x = 0.01, 0.05 have carrier
densities N = 1.3 X 10*° and 3.9 X 10?° cm™>, respectively. The
results are shown in Figure 4a, together with data from a
previous study of BLSO thin films by optical and Hall
experiments.”” We see that the B-M shift increases with carrier
density, following a similar trend, although the data are
measured with different techniques. The dependence of the B-
M shift on carrier density is determined directly from the
electronic band structure of BaSnOj;. Specifically, the B-M shift
can be modeled based on the conduction band structure and
doping level as®'

Epp = Ep — Apy (1)

where Eg is the Fermi energy relative to the conduction band
minimum and Ayy is the gap renormalization due to electron—
electron and electron—impurity interactions. More precisely,
Apy = AES + AE?, where

2 2
ek ek k
AEgeez 2F + —IE l—itan_l—F
2n'eg,  8megL, 7 krg )
and
. Ne?
AE = —
&£q0p kg (3)

. . . . . e % _ &
Here, ¢, is the static relative dielectric permittivity, ag = —5o

4y,

is the effective Bohr radius, a, is the Bohr radius, ktp = | —%

mag
is the Thomas—Fermi screening wave vector, and kg =
(3zN)'/3 is the Fermi wave vector. Considering a first-order
nonparabolic model, the effective mass follows

i

S
50 )

m* = m;l:o 1+4+2p

where mf _ is the carrier effective mass at the conduction band

bottom and f is a parameter describing the band curvature
(the increase in m* with electron wave vector k).

We model the conduction band of BaSnOj; by varying the
carrier effective mass, so that the Ep,, values measured at

different doping levels can be reproduced by eq 1. Additional
material-dependent quantities are the static- and high-
frequency dielectric constants, & and €, which do not change
significantly with doping. The results are compared with the
experimentally measured Ep, and N as shown in Figure 4a.
Alternatively, a polynomial fit of Ep_(N) (red curve in Figure
4a) can also provide information on the conduction band
curvature. The mean value of the nonparabolic conduction
band model and the polynomial fit are shown in Figure 4b,c
(solid gray curves). Our best fit to experimental results were
found with mif o = 0.12 + 0.2 and § = 1.4 for the conduction

band of BaSnO;.
The electron effective mass in BaSnO; was found in a wide
range in earlier studies, with the smallest value being ¥ _, =

0.06°” and most experimental results indicating m* close to
0.27%%>** for doped BaSnOj. Our results suggest a relatively
small m* at the conduction band bottom and a large
nonparabolicity. For N above 1 X 10*° cm™, our results are
in good agreement with the value reported in ref 78, which is
obtained from Hall and infrared reflectivity measurements and
is widely accepted for BaSnOj;. The quick increase of m™* with
N we find here is also in line with a recent theoretical study’’
(green curve in Figure 4b,c), where a conduction band
inflection point is predicted to exist in BaSnOj at large Fermi
energies.

Given that the B-M shift and the bulk carrier plasmon
energy are both dependent on the band curvature, a
comparison between the experimental Ep \ and fw, with the
modeled values based on the conduction band extracted above
serves as a further verification. As shown in Figure 4d, the
relation between the B-M shift and the bulk plasma frequency
can be described reasonably well with the nonparabolic
conduction band model and parameters given above. We
note that it should be also possible to extract the conduction
band curvature by fitting the relation between the bulk
plasmon energy and the B-M shift.

Furthermore, combining the above analysis with core-loss
excitations allows us to extract the doping activation
percenta8g5e_ Spg, another important parameter for many material
systems, which is defined by the ratio between carrier
density and dopant concentrations (p = NV/x, where V is the
unit cell volume). In practice, p is usually evaluated from the
ratio between the Hall carrier density and nominal dopant
concentration, which is difficult to measure and not well
understood at the microscopic level. In BLSO thin films
studied earlier, p was found to vary over a wide range, from
<10% to ~70%.">7"%

In our study, the Hall carrier densities for the bulk single
crystals with & = 0.01, 0.05 correspond to p = 80%, 50%,
respectively, as shown in Figure 4e. With the band curvature
extracted above, the local carrier density can be calculated from
either the B-M shift or the bulk plasma frequency. We use the
former in our calculation, as the overlap between bulk and
surface carrier plasmons renders the extraction of w, less
straightforward for low-doping regions. We note that the
carrier densities calculated from the B-M shift and the bulk
plasma frequency are in good agreement with each other, as
shown in the bottom panel of Figure 2g.

Combining the local carrier density with the La percentage
shown in Figure 2, we show the activation percentage for the
inhomogeneous nanocrystals in Figure 4e, separately measured
in 3.2 X 3.2 nm” regions. We observe that the dopant densities
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in this nanocrystal vary over a broad range, between 6 X 10"
and 2 X 10*! cm™3, while the carrier densities are centered
around 2 X 10*° cm™. As a result, p for the majority of the
regions lies in the range between 25% and 50%. Overall, the
dopant activation percentage decreases with doping level for
both bulk crystals and nanocrystals of BLSO. The primary
source of electron donors are La dopants, as oxygen vacancies
are not likely to form in BaSnO;.”* Thus, the percentage of La
dopants that does not contribute to free carriers is rather high,
at least 50% for most of the regions. Possible reasons for the
incomplete doping activation include charge compensation at
surfaces and by defects.”

CONCLUSIONS

This study demonstrates the usefulness of low-energy
excitations in EELS for understanding the electrical and
optical properties at a length scale of a few nanometers. We
have shown that the doping-induced changes in the electronic
structure can be measured with high spectral and spatial
resolution. Changes in the conduction band occupancy should,
in principle, also be reflected in near-edge fine structures of
core-loss EELS. However, it is impractical to measure such
small changes with high accuracy by core-loss EELS (i.e., due
to the core—hole lifetime broadening and the small energy loss
cross section at high energies). In comparison, low-energy
excitations are more sensitive to electronic states near the
Fermi level and can be probed with better accuracy. The good
agreement between EELS and other experimental methods
(Hall measurement, infrared spectroscopy) also supports the
validity of the bulk plasma frequency and optical gap measured
from monochromated EELS. With a combined analysis of
EELS and transport data, it is possible to quantify the local
carrier densities and the conduction band curvature. Moreover,
combining low-loss and core-loss EELS even allows for a
quantification of the doping activation percentage, which
otherwise can only be acquired from multiple measurements
averaged over large areas. By exploiting the advanced STEM
imaging together with monochromated EELS, it should be
possible to study local changes in electronic structure down to
the individual dopant level.

Our results also suggest that imaging with electronic
excitations is not severely limited by inelastic delocalization.
It is well-known that higher energy core-loss EELS provides
information down to the Angstrom scale,” ™7 while low-loss
EELS often suffers from a poorer spatial localization.”® Here,
we show that both carrier plasmons and band-gap transitions
contain information that is sufficiently well localized as to yield
useful insight into local optical properties and electronic
structure with a resolution of a few nanometers. For example,
from the bottom panel of Figure 2g, we see that the carrier
density (red and blue dots, obtained via the plasmon energy
and B-M shift, respectively) closely tracks the dopant profile
(from core loss). This clearly indicates that low-energy
excitations are not necessarily more delocalized than high-
energy excitations. In our case, carrier electrons in BLSO have
an effective Bohr radius of 5—8 nm, which should be the
ultimate limit for the attainable spatial resolution.

Quite surprisingly, we have also revealed the existence of a
previously unobserved plasmon mode that is highly confined
between regions with different doping levels. This finding
points to the possibility of engineering a doping profile at the
few-nanometer level to guide electromagnetic waves along an
arbitrary path, complementary to the geometric control of

metallic nanostructures.””'” While this approach can be
followed over a wide range of length scales depending on the
light wavelength and degree of confinement (i.e., in
metamaterials operating from the microwave to the visible
region), the present analysis relying on BLSO demonstrates a
specific example operating in the mid-infrared regime with a
high degree of spatial confinement by 2—3 orders of magnitude
relative to the light wavelength.

In brief, our work unlocks the full potential of mono-
chromated EELS in providing microscopic insights into the
local electronic structure and optical properties, demonstrated
here by revealing the electron effective mass, dopant activation
percentage, and a heterogeneous-doping-induced interfacial
plasmon. These capabilities may lead to exciting discoveries in
a wide range of other material systems, where structure—
property relationships are of interest.

METHODS

BLSO Crystal Growth and Hall Measurement. The
Ba,_,La,SnO; nanocrystals were synthesized by the sol—gel method
described in ref 58. The nanocrystals studied here have been
synthesized with a nominal doping of x = 0.05. The bulk
Ba,_,La,SnO; crystals were grown by a laser floating-zone technique,
for x = 0, 0.01, 0.0S. High-purity powders of La,05, BaCOj3, and SnO,
were mixed in the molar ratio x/2:1 — x:1.5. La,0O; was baked at
900 °C overnight before weighing. The mixed powder was calcined at
1000 °C for 10 h. The product was reground and sintered at 1400 °C
for 20 h with one intermediate grinding. The product was reground,
filled into a rubber tube, and pressed under 8000 psi hydrostatic
pressure. The rod was sintered at 1400 °C for 10 h. The crystals were
grown at a rate of 50 mm/h under 8 bar O, pressure. The as-grown
crystals were annealed at 1400 °C for 20 h in an oxygen flow before
measurements.

For Hall measurements, the crystal was oriented, cut, and polished
into a (100) plate. The electrodes were made by gold sputtering. The
Hall measurements were performed with a Quantum Design PPMS-9
instrument by sweeping the magnetic field at room temperature.

STEM-EELS Experiments. STEM-EELS data were acquired using
a Nion Ultra STEM 100 instrument equipped with an electron
monochromator. The microscope was operated at 60 kV with a
convergence collection half angle of 30 mrad. We set the EELS
collection half-angle to 16 mrad when the monochromator was used.
In our EELS experiments, the energy resolution and beam current
were balanced for each energy range of interest. For phonons and
plasmons in the infrared region, a spectrometer dispersion of 1.2
meV/pixel was used to provide the highest possible energy resolution,
which is around 10 meV. For band-gap measurements, the
spectrometer dispersion was set to 30 meV/pixel to improve the
signal-to-noise ratio. This gave a full width at half-maximum of the
zero-loss peak (ZLP) of 33 meV. For infrared plasmon and band-gap
mapping, the EELS dwell time was set such that the ZLP was just
below saturation. This gives 500—800 ms/frame for phonon and
plasmon spectra acquisition. For core-loss EELS in the 400—900 eV
region, we set the spectrometer dispersion to 300 meV/pixel and did
not introduce the monochromator in order to maximize the beam
current and thus the signal-to-noise ratio. The EELS dwell time for
core-loss spectra acquisition and mapping was set to 2 s/pixel. The
point spectra shown in Figures 1 and 2 are integrated over 80—100
frames, with the dwell time mentioned above. Details of EELS data
processing are provided in the Supporting Information.

EELS Simulations. We use a finite-element method (as
implemented in COMSOL Multiphysics) to calculate the EELS
probability for BLSO flakes, with the dielectric function made
position-dependent through the spatial distribution of the doping
density, as specified in the Supporting Information.
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