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Oxide Two-Dimensional Electron Gas with High Mobility at
Room-Temperature

Kitae Eom, Hanjong Paik, Jinsol Seo, Neil Campbell, Evgeny Y. Tsymbal, Sang Ho Oh,
Mark S. Rzchowski, Darrell G. Schlom, and Chang-Beom Eom*

The prospect of 2-dimensional electron gases (2DEGs) possessing high
mobility at room temperature in wide-bandgap perovskite stannates is
enticing for oxide electronics, particularly to realize transparent and
high-electron mobility transistors. Nonetheless only a small number of
studies to date report 2DEGs in BaSnO3-based heterostructures. Here, 2DEG
formation at the LaScO3/BaSnO3 (LSO/BSO) interface with a
room-temperature mobility of 60 cm2 V−1 s−1 at a carrier concentration of
1.7 × 1013 cm–2 is reported. This is an order of magnitude higher mobility at
room temperature than achieved in SrTiO3-based 2DEGs. This is achieved by
combining a thick BSO buffer layer with an ex situ high-temperature
treatment, which not only reduces the dislocation density but also produces a
SnO2-terminated atomically flat surface, followed by the growth of an
overlying BSO/LSO interface. Using weak beam dark-field transmission
electron microscopy imaging and in-line electron holography technique, a
reduction of the threading dislocation density is revealed, and direct evidence
for the spatial confinement of a 2DEG at the BSO/LSO interface is provided.
This work opens a new pathway to explore the exciting physics of
stannate-based 2DEGs at application-relevant temperatures for oxide
nanoelectronics.
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1. Introduction

Two dimensional electron gases (2DEGs)
at oxide interfaces have attracted sig-
nificant attention in both fundamental
research and potential device applica-
tions. Among them, the heterointerface
between LaAlO3 (LAO) and SrTiO3 (STO)
is the most studied prototype system.
Fascinating physical phenomena includ-
ing magnetism,[1] superconductivity,[2,3]

strong spin–orbit interactions,[4,5] and
exotic quantized transport[6,7] have been
reported. Unfortunately, despite extensive
work on STO-based 2DEG heterostruc-
tures with overlayers such as LaAlO3,[8]

LaTiO3,[9] NdGaO3
[10] and 𝛾-Al2O3,[11]

room-temperature mobilities of interfacial
2DEGs are poor (e.g., < 10 cm2 V−1 s−1).
This arises from the nature of electron
states in the narrow Ti d-bands that host
the 2DEG in STO, their interaction with the
crystalline lattice, and multiple interband
scattering channels due to the degenerate
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Figure 1. Experimental design for 2DEG formation at the LSO/BSO interface. a) The band diagram of LSO/BSO heterostructures above the critical
thickness, showing 2DEG formation at the interface. b) Schematic of a BSO pseudo-substrate (550 nm thick BSO film on STO (001) substrate) and
our strategy to acquire high quality 2DEGs at the LSO/BSO interface. This process minimizes the dislocation scattering centers in the MBE-grown BSO
2DEG channel layer on an atomically flat SnO2-terminated annealed BSO pseudo-substrate. The annealing treatment reduces the dislocation density
and produces SnO2-terminated atomically flat surfaces. The structure consists of MBE-grown LSO (several unit cells) on top of the adsorption-controlled
BSO thin film (45 nm) that is also grown by MBE on the BSO pseudo-substrate.

t2g orbital symmetry.[12,13] This has stymied wide-ranging room-
temperature 2DEG applications in these systems.

One route toward higher room-temperature interfacial 2DEG
mobilities is to move away from STO to a non-polar oxide with
more dispersive s or p orbital-based conduction bands to provide
highly mobile carriers at room temperature. BaSnO3 (BSO) has
gained significant attention in theory and experiment as an al-
ternative interfacial 2DEG host material.[13–15] The conduction
band of BSO is composed of highly dispersive non-degenerate
s-orbitals with a large band width and a low effective mass. Addi-
tionally, the interband scattering channel can be turned off from
the isotropic s orbitals like conduction band structure, resulting
in a longer lifetime for the charge carrier.[13] Therefore, the BSO
based 2DEG’s mobility at room temperature is predicted to be
two orders of magnitude higher than that of STO based 2DEGs
in a structurally perfect BSO host.[16–18]

The sensitivity of carrier mobility and free carrier concentra-
tion to structural and point defects makes achieving a high mo-
bility 2DEG in BSO challenging. One such structural defect is the
high density of dislocations in typical BSO thin films (more than
109 cm–2).[19–22] These threading dislocations originate from the
large lattice mismatch between BSO and commercially available
perovskite substrates (ranging from −5.2% (SrTiO3) to −2.4%
(PrScO3)). Because of such defects, the mobility of electrons pro-
duced by La doped thin films of BaSnO3

[19] has not yet exceeded
that of La-doped BaSnO3 bulk single crystals.[16,17] Another com-
promising factor is the formation of complex point defects dur-
ing BSO film growth, which act as additional electron traps or
scattering sites.[19] Finally, producing an interfacial 2DEG in a

BSO-based bilayer heterostructure requires proper band struc-
ture alignment and a good epitaxial match between the top oxide
layer and BSO.

For these and other reasons, only a few experimental stud-
ies have pursued BSO-based 2DEG formation, using either
modulation doping or polarization doping.[23–26] A recent re-
port has claimed an interfacial conductivity improvement at the
LaInO3/La-BaSnO3 interface, akin to the polar catastrophe po-
larization doping scenario.[23–25] La-doped (0.3%) BSO channels
were, however, used to compensate a high density of defect
states at the LaInO3/BaSnO3 interface. Prakash et al. reported
a modulation doping approach utilizing La-SrSnO3/BaSnO3 het-
erostructures, where electrons from the La-doped SrSnO3 side
spill over into an undoped BSO layer.[26] They found that the mod-
ulated electrons spread over 3–4 unit cells toward the BSO layer,
even though La-doped SrSnO3 layer is the more dominant con-
ducting path than the modulated BSO layer. Nonetheless, the re-
ported 2DEG’s carrier behaviors did not unambiguously demon-
strate 2DEG confinement at the heterointerface.

Here we report a BSO-based highly mobile interfacial 2DEG,
where we have overcome the electronic alignment and defect
density issues discussed above. We incorporate LaScO3 (LSO) as
a top polar layer epitaxially registered with a non-polar host BSO
thin film. LSO is orthorhombic, but we give pseudocubic LSO
thicknesses throughout this manuscript. Similar to the case of
LAO/STO, the LSO/BSO interface has a band alignment that fa-
cilitates 2DEG formation[13] (see Figure 1a, LSO/BSO band dia-
gram) while possessing excellent structural coherency. The mis-
match strain is less than 1.6%, as is evident in the atomic model
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Figure 2. Fabrication of a high mobility 2DEG at the LSO/BSO interface, showing AFM and RHEED (bottom) after each step of the fabrication (top).
a) STO (001) substrate, b) as-grown 550 nm thick BSO film (BSO pseudo-substrate), c) after water leaching and thermal annealing of BSO pseudo-
substrate, and d) LSO (10 u.c.)/BSO (45 nm) grown on the BSO pseudo-substrate via MBE. The insets in the AFM images represent the RHEED patterns
at each step of the PLD (steps (a) and (b)) and MBE growths (steps (c) and (d)). e) Reciprocal space mapping (RSM) around 103 reflections from LSO
(10 u.c.)/BSO (45 nm) grown on the BSO pseudo-substrate.

of the LSO/BSO interface shown in Figure 1b. The LSO/BSO
interface hosts a polar discontinuity (Figure 1a),[13] facilitating
2DEG formation at atomically sharp LaO/SnO2 interfaces. We
dramatically reduced the BSO defect densities by first growing
a thick BSO layer by pulsed-laser deposition (PLD), annealed it
at high temperature ex situ, and then continued the growth of
BSO by MBE to form the desired interface between BSO and the
polar LSO layer. Electronic transport measurements revealed an
insulator-to-metal transition at a threshold thickness (tc) of about
4 unit cells (u.c.), consistent with the polar catastrophe model,[13]

and a room-temperature mobility as high as 60 cm2 V−1 s−1

with a 1.7 × 1013 cm–2 carrier density. In-line electron hologra-
phy showed negative charges confined to the LSO/BSO inter-
face. TEM analysis verified a reduced dislocation density result-
ing from our synthesis approach. Complete structural and mor-
phological analysis demonstrates high crystalline quality. This
first demonstration of a high mobility BSO-based 2DEG provides
a fascinating platform for exploring transparent conducting oxide
electronic devices and the physics of two-dimensional s-orbital
systems.

2. Results and Discussion

Our approach to minimizing dislocation density starts with a
PLD-grown thick BSO buffer layer (about 550 nm) (Experimental
Section), as shown in Figure 2. The thick BSO layer is leached in
water for 15 s and then ex situ annealed in oxygen at 1150 °C for
2 h (which we refer to as the BSO pseudo-substrate hereafter)[27]

before MBE regrowth. We note that undoped BSO buffer layers
about half this thickness were used to achieve the highest La-
doped BaSnO3 single film electron mobilities to date.[19] We sum-
marize the structural analysis of the BSO pseudo-substrate before
and after thermal treatment in Figure S1 (Supporting Informa-
tion). This treatment not only reduces the dislocation density,[28]

but also produces SnO2-terminated atomically flat surfaces. The
full width at half maximum (FWHM) of the BSO 002 peak’s rock-
ing curve is 0.013 degrees after treatment (Figure S1d, Support-
ing Information). The in-plane and out-of-plane lattice constants
of the BSO pseudo-substrate obtained from the reciprocal space
maps of 103 BSO peaks (Figure S1f, Supporting Information) are
4.112 and 4.118 Å, respectively, indicating an almost fully relaxed
state.[29] Atomic force microscope images show an atomically flat
surface of the BSO pseudo-substrate with single unit cell steps of
0.4 nm (Figure 2c).

After loading the BSO pseudo-substrate into the MBE, we grew
a 45 nm thick BSO layer in an adsorption-controlled regime, fol-
lowed by a 10 u.c. thick LSO layer (Figure 2d) (Experimental Sec-
tion; Figure S2, Supporting Information). Using this method, we
form the LSO/BSO interface away from the air-exposured BSO
surface, yet capitalize upon the benefits of the pseudo-substrate
with lowered threading dislocation density and desired SnO2-
terminated surface. Further, the 2DEG interface is produced in
the MBE-grown portion of the structure known to produce high-
mobility BSO layers. A reciprocal space map around the (103)
STO substrate peak shows that the LSO film is fully coherent with
respect to the underlying BSO film (Figure 2d).

Figure 3 shows the temperature-dependent transport prop-
erties of the 10 u.c. thick MBE LSO/BSO 2DEGs grown on the
BSO pseudo-substrate (red squares). It is compared to a control
sample of 10 u.c. LSO/BSO (60 nm) 2DEGs grown without the
BSO pseudo-substrate (directly grown on STO (001) substrate by
MBE, blue circles). Both systems show semiconducting-like fea-
tures across the entire measurement temperature range between
100 and 400 K (Figure 3a). The carrier density of the LSO/BSO
2DEG grown on the BSO pseudo-substrate decreases monoton-
ically over the temperature range and shows a 4.5 times higher
carrier density than the control sample (Figure 3b). In addition,
the LSO/BSO 2DEG grown on the BSO pseudo-substrate has
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Figure 3. Transport properties of the LSO/BSO heterostructures. a) Sheet resistance, b) carrier density, and c) mobility of LSO (10 u.c.)/BSO (60 nm)
directly grown on an STO (001) substrate (closed blue circle) and LSO (10 u.c.)/BSO (45 nm) grown on the BSO pseudo-substrate (closed red square).
d) Electron mobility at 300 K as a function of carrier density for 2DEGs at oxide heterointerfaces in this work, La:BSO film[19] and LAO/STO[30] reported
in the literature.

6.8 times lower sheet resistance and 3.4 times higher mobility
(Figure 3c) than the control sample. Notably, the highest 2DEG
mobility at room temperature is 60 cm2 V−1 s−1 with carrier
concentration 1.7 × 1013 cm–2. This is an order of magnitude
higher 2DEG mobility at room temperature than in STO-based
2DEGs.[8–11,30]

Our transmission electron microscopy (TEM) measurements
quantify that the dislocation density of LSO/BSO heterostruc-
tures grown on the BSO pseudo-substrate is reduced from the
control sample, which underlies the observed enhanced room-
temperature mobility and carrier density. Misfit dislocations are
known to be prevalent in BSO grown on STO substrate due to
the large lattice mismatch. We found that threading dislocations
propagate along the film growth direction (Figure 4a,b) from the
BSO/STO interface to the LSO layer (Figure S3, Supporting In-
formation). Figure 4a shows the TEM weak beam dark-field im-
ages of the control sample (10 u.c. LSO/BSO 60 nm grown on
a STO (001) substrate). We evaluate a threading dislocation den-
sity on the order of ≈1011 cm–2 (Figure 4c) from the image anal-
ysis as shown in Figure S4 (Experimental Section; Supporting
Information). The misfit dislocations at the BSO film-STO sub-
strate interface are denoted by red arrows (Figure S5b, Support-
ing Information). Notably, the LSO/BSO heterostructure grown
on the BSO pseudo-substrate showed a lower dislocation den-
sity of 4.1 × 1010 cm–2 (Figure 4e), less than half of the density
observed when grown directly on an STO (001) substrate (Fig-
ure 4c). This is because the PLD grown BSO film was annealed

at high temperature which has been shown to cause annihila-
tion of threading dislocations.[21,28] The dislocation density of the
BSO layer grown on the BSO pseudo-substrate is very similar to
that of the BSO pseudo-substrate (Figure 4d). This provides less
charge trapping and scattering, consistent with the increased car-
rier density and mobility at room temperature for the LSO/BSO
heterostructure grown on the BSO pseudo-substrate.

We used in-line electron holography to quantify 2DEG con-
finement near the interface, and to support the LSO thickness-
dependent electrical transport properties of the LSO/BSO
interface (Experimental Section; Supporting Information). For
these measurements we grew the LSO layer by PLD on an MBE-
grown 90 nm thick BSO layer grown on a STO (001) substrate
(Supporting Information). All BSO surface were SnO2 termi-
nated with single unit cell steps, achieved by a water leaching
treatment.[27] The LSO film thickness was controlled by reflection
high-energy electron diffraction (RHEED) intensity oscillations
(Figure S6, Supporting Information). Atomically resolved STEM-
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
across the interface verified the LaO/SnO2 termination of the
LSO/BSO interface (Figure 5a) (Experimental Section and Sup-
porting Information). Different LSO thickness heterostructures
established a critical thickness (tc) of 4 unit cells for conductivity
(Figure S7, Supporting Information), consistent with a polar
catastrophe interpretation.[31] In-line electron holography results
of a 4 u.c. thick LSO/BSO interface (Figure S8, Supporting
Information) shows no significant net charge density near the
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Figure 4. Threading dislocation density approximated from the cross-sectional TEM weak beam dark-field images. Weak beam dark-field images of a)
LSO (10 u.c.)/BSO (60 nm)/STO without a BSO pseudo-substrate and b) LSO (10 u.c.)/BSO (45 nm) grown on the BSO pseudo-substrate. c) Magnified
image at the BSO/STO interfaces of LSO (10 u.c.)/BSO (60 nm)/STO. d) Interface between the BSO pseudo-substrate and BSO regrowth layer, indicating
little change in defect density. e) Magnified image at LSO (10 u.c.)/BSO (45 nm) grown on the BSO pseudo-substrate and extracted dislocation densities
showing reduced dislocation density as a result of high temperature annealing.

interface, while those of the 10 u.c. LSO/BSO (Figure 5b) show a
2D charge density equivalent to 5 × 1021 cm–3, distributed with a
peak 1.5 nm below the LSO/BSO interface before quickly decay-
ing to zero around 5 nm below the interface. There is no long tail
of electron density extending deep into the BSO side.

This depth dependence is in contrast that obtained from in-
line holography results of LAO/STO heterostructures, which
show a charge confinement within 1.5 nm below the interface
and a maximum electron density of 5 × 1021 cm–3 located 0.5 nm
below the interface.[32] We attribute these differences primarily
to the lower dielectric constant of BSO compared to STO.[33,34] A
secondary reason could be the difference between Sn 5s orbitals
in BSO and Ti 3d orbitals in STO from which the 2DEG electron
states arise. A related broadening of the 2DEG extent (4.5 nm)
was reported in the (111) oriented LAO/STO 2DEGs.[32] (111)-
oriented LSO/STO 2DEGs due to orbital orientation in STO. It
is worth noting that the carrier density of LSO/BSO 2DEGs ob-
tained by a Hall effect measurement is a much smaller value than
that measured by inline holography. This discrepancy may come
from the fact that the Hall effect measurement is sensitive to mo-
bile charge carriers, whereas inline holography reflects the total
charge density, including both mobile and localized charges.[32]

Our large room-temperature mobility of 60 cm2 V−1 s−1 (Fig-
ure 3c) is still lower than that predicted theoretically.[13] Interfa-

cial cation intermixing at the LSO/BSO interface could reduce
the carrier mobility, a common phenomenon in oxide interfaces.
The STEM-EDS mapping results shown in Figure 5a, however,
do not indicate significant cation intermixing at the LSO/BSO
interface. Our precise atomic-column resolved STEM-EDS com-
position profiles of the Sc-K, Sn-L, Ba-L, and La-L edge signals
reveal that the atomic interdiffusion across the interface for both
A site (La and Ba) and B site (Sc and Sn) is less than 1 nm (Figure
S9, Supporting Information). This is similar to that observed in
typical STO-based 2DEG studies.[35] Our in-line holography re-
sults (Figure 5b) discussed above indicate that most of the carri-
ers do not reside at the cation intermixed region of the BSO, but
deeper into the BSO layer. This suggests that intermixing does
not dominantly control LSO/BSO 2DEG mobility degradation.

Our LSO/BSO interfacial 2DEG mobility is also below that
of La-doped BSO films with similar measured dislocation den-
sities (Figure 4) and similar mobile carrier concentration (Fig-
ure 3d).[19] This indicates that dislocation density alone does not
completely determine our 2DEG mobilities. For instance, dislo-
cation cores are known to have abundant dangling bonds which
effectively scatter electrons in semiconductor films.[36] In fact,
comparative STEM studies for both La-doped BSO and undoped
BSO films revealed distinctly different local atomic arrange-
ments around dislocation cores.[37] La ions in La-doped BSO can
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Figure 5. Elemental analysis and electron distribution at the LSO/BSO interface. a) Atomic resolution STEM-HAADF images and EDS elemental mapping
of the LSO/BSO interface, indicating an atomically abrupt interface. b) Direct imaging of the LSO/BSO interface by STEM HAADF imaging are shown
next to c) the charge density maps and d) 1D electron density profiles obtained by in-line electron holography for the LSO (10 u.c.)/BSO (90 nm) grown
on an STO substrate.

accumulate inside dislocation cores, forming anti-site defects
(LaSn

–1). This will screen the potential attributed to positive
charges of the core oxygen vacancies known to reside at dis-
location core in perovskite oxides,[38–40] reducing the Coulomb
scattering of conduction electrons. This indicates that the de-
fect scattering by dislocation cores may be less in La-doped BSO
than in our undoped BSO.[41,42] We conclude that direct com-
parison of the dislocation density between La-doped BSO films
and LSO/BSO interfacial 2DEGs likely does not completely de-
termine the observed differences in electron mobilities, although
we have clearly shown that our improved growth technique re-
duces dislocation density and increases mobility in BSO interfa-
cial 2DEGs. Lattice-matched single crystal substrates[43–45] should
reduce the dislocation density even further, and are a promising
path to achieving the highest mobility in BSO 2DEGs.

3. Conclusions

In conclusion, we have demonstrated a highly mobile 2DEG
at the LSO/BSO interface with room-temperature mobilities as
high as 60 cm2 V−1 s−1. Future work will reveal whether the
2DEGs at the LSO/BSO interface can show the exotic interface
physics, such as superconductivity,[2,3] a two-dimensional hole
gas (2DHG),[30] or a quantum Hall effect,[46] as have been
previously shown in the LAO/STO systems. We anticipate that
BSO-based 2DEGs with even higher room-temperature mo-
bilities will be beneficial for transparent field-effect transistor
applications as well as a fundamental investigation of new
physical phenomena. To this end lattice-matched substrates for
BSO interfacial 2DEG heterostructures will provide even more
opportunities.
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4. Experimental Section
PLD Growth for BSO Pseudo-Substrate: 550 nm thick BSO buffer lay-

ers were grown on STO (001) substrates by pulsed-laser deposition. Be-
fore deposition, STO substrates were treated by a buffered hydrofluoric
acid etch and annealed in oxygen at 1000 °C for 6 h to create atomically
smooth surfaces with single unit cell steps. The substrate was attached to
a resistive heater and positioned ≈60 mm from the target. A KrF excimer
laser (248 nm) was focused on a stochiometric BSO target to an energy
density of 1.2 J cm−2 and pulsed at 5 Hz. BSO buffer layers were grown
at substrate temperatures of 750 °C with an oxygen pressure of 120 mbar,
and were slowly cooled down to room temperature under an oxygen pres-
sure of 1 atm. After growth, the BSO film was leached by water for 15 s to
create a SnO2-termination and annealed in 1 atm of oxygen at 1150 °C for
2 h.

MBE Growth of BSO and LSO Film: BSO and LSO thin films were
grown in a Veeco GEN10 MBE system. Separate effusion cells containing
barium (99.99% purity, Sigma-Aldrich), SnO2 (99.996% purity, Alfa Aesar),
lanthanum (99.996% purity, Ames Lab), and scandium (99.9% purity, Alfa
Aesar) were heated. The fluxes of the resulting molecular-beams emanat-
ing from the effusion cells were measured by a quartz crystal microbalance
(QCM) before growth. A commercial ozone generator was used to pro-
duce the oxidant molecular beam source (≈10% ozone + 90% oxygen).
The BSO film was grown in an adsorption-controlled regime by supplying
an excess SnOx-flux.[19] The background pressure of the oxidant, 10% O3
+ 90% O2, was held at a constant ion gauge pressure of 1.0 × 10−6 Torr.
Subsequently, LSO was grown on top of the BSO film using a layer-by-
layer growth method. The fluxes of the La and Sc molecular beams were
roughly calibrated by a QCM and then more precisely calibrated by growing
La2O3 and Sc2O3 binary oxide films and measuring the growth rate using
both X-ray reflectivity and in situ reflection high-energy electron diffraction
(RHEED) oscillations.[47] For the growth of both the BSO and LSO layers
the substrate temperature was maintained between 830 and 850 °C, as
measured by an optical pyrometer operating at a wavelength of 1550 nm.

Electrical Transport Measurement: Transport measurements used four
indium contacts in a van der Pauw geometry in a Quantum Design PPMS
between 100 and 400 K. All resistance measurements were performed by
sourcing an alternating dc current and measuring voltages at positive and
negative current values. Hall measurements were performed by sweep-
ing a magnetic field over a range from −20 to 20 kOe. The equations
n2D = I/[(dVH/dB)q] and μ = 1/(n2Dqr) were used to calculate 2D carrier
density and mobility, where Ι is the dc current sourced, VH is the Hall volt-
age, q is the electron charge, and r is the sheet resistance. The 3D carrier
density was computed using the 2D carrier density and the thickness at
which the electron density is zero as determined from the electron holopg-
raphy profile.

STEM and EDS Measurement: The cross-sectional sample for (S)TEM
measurements was prepared via Ga+ ion beam milling at an accelerating
voltage from 30 kV down to 5 kV using a dual-beam focused ion beam sys-
tem (FIB, Helios 450F1, Thermo Fisher Scientific). An aberration-corrected
TEM (JEM-ARM300CF, JEOL) equipped with an energy dispersive x-ray
detector was used for TEM based measurements at 300 keV. The con-
vergence semi-angle of 23 mrad, and the collection angle ranges of 68–
280 mrad, were set for HAADF image and EDS data, respectively. Dur-
ing acquisition of the EDS signal, the specimen drift was corrected during
observation. Each elemental map is constructed by integrating the signal
from Ba-L, Sn-L, La-L, and Sc-K characteristic x-rays, respectively.

Inline Holography Measurement: For inline electron holography, a
through-focal series of TEM bright-field images was acquired using a 2
k × 2 k CCD camera (UltraScanXP 100FT, Gatan Inc.), varying the defocus
values from −1800 to 1800 nm in 600 nm steps. An energy filter (Quantum
spectrometer ER965, Gatan Inc.) was used to remove inelastically scat-
tered electrons outside an energy window of 0 ± 5 eV. An objective aper-
ture with a diameter of 20 μm was used to select the transmitted beam for
bright-field imaging. To minimize the effects of dynamical diffraction, all
images were taken at diffraction condition off the [11̄0] zone axis with the
interface being kept in an edge-on projection.[48] The obtained inline elec-
tron holograms were used to reconstruct the phase shift of the transmitted

beam using the full resolution wave reconstruction (FRWR) algorithm.[49]

The reconstructed phase images were converted into the map of the pro-
jected electrostatic potential by assuming the phase-object approximation
for a non-magnetic material. The charge-density map was obtained from
the potential data using Poisson’s equation.
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