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ABSTRACT: Barium distannide (BaSn,), a potential precursor for stannene, is predicted to be a topological insulator. However,
little is known about BaSn, as the material is extremely air-sensitive. Here we present, for the first time, characterization of BaSn, by
scanning/transmission electron microscopy. We use advanced imaging and spectroscopy techniques to show disproportionation of
BaSn, particles into f-Sn + Ba,Sn,. X-ray diffraction analysis confirms that this disproportionation is driven by exposure to a low-

pressure environment.

B INTRODUCTION

Two-dimensional (2D) and layered materials have been a
major topic of interest for the past two decades. As new 2D
materials are discovered, the breadth of their possible
applications widens. More recently there has been significant
research interest in Xene materials such as silicene,’
germanene,” and stanene™ due to the potential of a wide
array of exotic topological phenomena in these materials.”®
These topological phases can be synthesized through the
deintercalation of a layered precursor.””” One such precursor
is barium distannide (BaSn,), a layered Zintl phase material
consisting of alternating layers of Ba’* and a buckled sp’-
hybridized network of Sn. BaSn, is predicted to be a
topological insulator with a 200 meV gap in the bulk and
metallic surface states.””'> The first reported synthesis of
BaSn, was in 2008;'° however, since then very little
experimental work has been done as it is extremely air-
sensitive making characterization challenging.’

One technique capable of characterizing air-sensitive
materials is scanning/transmission electron microscopy (S/
TEM). With the right equipment, air-sensitive materials can be
synthesized and transferred into the vacuum atmosphere of the
microscope without air exposure. This allows for analysis of the
as-synthesized material through atomic resolution imaging as
well as spectroscopic techniques such as energy dispersive X-
ray spectroscopy (EDS) and electron energy-loss spectroscopy
(EELS). We present, to the best of our knowledge, the first
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characterization of BaSn, via S/TEM including high-resolution
TEM (HRTEM) imaging, high-angle annular dark field
(HAADF) STEM imaging, selected area electron diffraction
(SAED), EDS, and EELS. These characterization experiments
have revealed a highly unusual observation of low-pressure
induced disproportionation of BaSn, into $-Sn and a Ba-rich
(BaxSny) phase. Previous experiments suggest that BaSn, is a
line compound; however, only partial Ba:Sn phase diagrams
have been reported, and these do not include any low-
temperature or low-pressure information.'”'® Our findings
suggest that BaSn, is unstable at low pressures and provide
additional insight into the Ba:Sn system.

B METHODS

The synthesis of BaSn, has been accomplished via a sealed
fused silica tube reaction by heating up stoichiometric
quantities of barium and tin to 747 °C and holding at that
temperature for 10 h. The reaction is then quenched and
reheated to 500 °C over 4 h and held for 100 h where it is
quenched again. XRD measurements were performed on a
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Figure 1. (a) Powder XRD of as-synthesized BaSn, (red) indicating BaSn, as the primary phase. Peaks of the main phase BaSn, are indicated in
blue, and the minor side phase BaSn; peaks are indicated in gray. (b) EDS plot collected from all of the particles shown in the HAADF image (c)
showing an overall Ba:Sn ratio of ~1:2. (d—f) Ba, Sn, and O elemental maps of the region from (c). HRTEM images indicate the presence of long-
range ordering (g) and amorphous/polycrystalline regions (h) in individual particles.

Rigaku Miniflex using a sample holder with a beryllium
window due to the extreme air sensitivity.

Following an initial powder XRD scan in an air-free Be
holder, the BaSn, powder sample was loaded into the
Lakeshore probe station antechamber within a N,-filled
glovebox. Kapton tape was used to secure the BaSn, sample
container inside the antechamber prior to vacuum exposure.
The sealed antechamber was then pumped out of the glovebox
and immediately attached to the probe station and exposed to
a vacuum of 10™* mbar at ambient temperature. The sample of
BaSn, was left under these conditions for a total of 18 h. The
antechamber containing the sample powder was then detached
from the probe station and pumped back into a N,-filled
glovebox. The BaSn, sample was removed, and a second XRD
scan in an air-free Be sample holder was run (Figure 7).

TEM grids were prepared in a N,-filled glovebox by cracking
open BaSn, tubes and grinding 1—2 large crystals into a fine
powder using a mortar and pestle. A lacey-C Cu grid was then
rubbed over the ground material. The prepared grids were
submerged in a vial of liquid nitrogen and transported to the
microscopy facility. The grids were then removed from the
liquid nitrogen and loaded into the microscope as quickly as
possible. After a Gatan vacuum transfer holder was acquired,
the prepared TEM grids were loaded into the holder while in
the glovebox. The holder allows for transportation into the
microscope while maintaining the glovebox environment.

15497

High-resolution TEM images and selected area electron
diffraction patterns were collected on a FEI Tecnai F20 S/
TEM operating at 200 kV with a 70 um objective aperture and
either a 10 or 20 pm selected area aperture. EDS was
performed on both a FEI Tecnai F20 operating at 200 kV and
a FEI image corrected Titan3 G2 60—300 kV operating at 300
kV. The Tecnai is equipped with an EDAX TEAM silicon drift
detector, and the Titan3 is equipped with a Bruker 4D quad
SuperX detector. Electron energy-loss spectroscopy was
collected on a FEI image corrected Titan3 G2 60—300 kV
S/TEM operating at 300 kV and equipped with a Gatan
Quantum spectrometer. Dual EELS spectrum images were
collected with a convergence semiangle of 5.54 mrad and a
collection semiangle of 10.71 mrad. The exposure times were
0.0001 s for the low-loss region and 0.2—0.3 s for the high-loss.
The dispersion was 0.25 eV/channel. Low-loss data processing
included removal of the zero-loss peak (ZLP) using the
reflected tail method and deconvolution using the Fourier-log
method in DigitalMicrograph.'®'® High-loss data processing
included a power law background subtraction before each edge
of interest and deconvolution using the Fourier-ratio
method.' "

B RESULTS AND DISCUSSION

BaSn, was synthesized from the elements using a standard
sealed fused silica tube approach.” Following synthesis, the
structure and purity of the BaSn, were confirmed via powder
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X-ray diffraction patterns. The XRD plot in Figure la shows
BaSn, as the primary phase with a trigonal crystal structure of
space group P3m13. Trace amounts of BaSn, are also present.
Initially, electron microscopy was performed on this sample
using TEM grids prepared in a glovebox and then frozen in
liquid nitrogen in the glovebox before being transported to the
electron microscope facility in liquid nitrogen, quickly loaded
into the TEM grid holder, and inserted into the microscope, as
described in the experimental section. Figure 1b—h shows
initial TEM characterization results. When the average signal
from multiple particles is analyzed, the EDS spectrum and
elemental maps (Figure 1b, d—f) exhibit an average Ba:Sn ratio
of 1:2, as expected, with trace amounts of oxygen observed.
The oxygen is likely due to the brief time (~2—3 min) the
BaSn, grid was exposed to air while the TEM grids were
loaded into the holder and inserted into the microscope after
removal from the liquid nitrogen. The trace amount of oxygen
observed indicates that the novel liquid nitrogen transfer
process is rather effective for handling air-sensitive TEM
samples.

The average 1:2 ratio of Ba:Sn is not representative of the
microstructure. Analysis of individual particles by EDS reveals
drastic changes in stoichiometry within the particles resulting
in Ba and Sn-rich regions. Additionally, HRTEM images
collected on the edges of the particles show the presence of
both long-range ordering and amorphous/polycrystalline
material, indicating variations in the crystallinity within each
particle (Figure 1g and h). The range of stoichiometries and
crystallinity was not detected in XRD data collected from the
same material before exposure to liquid nitrogen. Therefore, to
test whether these variations are due to the liquid nitrogen
transportation, we performed XRD analysis of BaSn, particles
before and after exposure to liquid N,. Additional peaks
corresponding to the formation of f-Sn are observed in the
post liquid N, data of BaSn, powder directly submerged in
liquid N,. A powder XRD pattern was also collected on BaSn,
powder in a fused silica tube that was submerged in liquid N;
however, this data does not show the presence of -Sn (Figure
2), suggesting that low temperature is not a driving force for
BaSn, disproportionation into f-Sn + Ba,Sn,. The appearance
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Figure 2. Powder XRD of BaSn, before (red) and after submersion of
a fused silica tube into liquid nitrogen (gray) and submersion of
BaSn, powder directly into liquid nitrogen (blue). The emergence of
p-Sn peaks in the submerged powder is indicated (black text). Peaks
from the berylium sample holder are indicated by *.

of f-Sn in the XRD data of BaSn, directly submerged in liquid
N, is likely due to trace amounts of H,O in liquid N,.

After a dedicated environmental transfer TEM specimen rod
designed for air-free transportation without the use of liquid
N, was obtained, the S/TEM characterization experiments
were repeated. Despite the elimination of liquid N, exposure,
individual particles still exhibited regions that are Sn-rich and
other regions with widely varying Ba/Sn stoichiometries as
shown in the EDS maps in Figure 3. STEM high-angle annular

Figure 3. (a) HAADF image of a BaSn, particle showing regions with
smooth morphology and others that are porous. (b, ¢, ¢) EDS maps
indicating the presence of Sn (c) and Ba (e) rich regions. (d, f) SAED
patterns taken from the red and yellow boxes in (b).

dark field (HAADF) images, EDS elemental maps, and
selected area electron diffraction (SAED) patterns were used
to identify correlations between the morphology, composition,
and crystallinity of the varying regions within the BaSn,
particles.

The red box in Figure 3b corresponds to a Sn-rich region
with a Ba:Sn ratio of 1:11. Figure 3d shows the SAED pattern
taken from this area which indicates the presence of long-range
crystallographic order. Additionally, the diffraction pattern
matches that of f-Sn viewed along [110]. In the HAADF
image in Figure 3a, it is noted that this Sn-rich region exhibits
rather uniform contrast which is consistent with the SAED
pattern. The yellow box in Figure 3b corresponds to a Ba-rich
region with a Ba:Sn ratio of 1:0.5. The SAED pattern (Figure
3f) shows that this area is primarily amorphous, and the
contrast in the HAADF image has a mottled appearance that is
consistent with a porous, inhomogeneous morphology. It
should be emphasized that while the areas indicated by the red
and yellow boxes show Sn and Ba-rich regions respectively,
when the whole particle is analyzed via EDS, a Ba:Sn ratio of
1:2 is observed. These results clearly demonstrate dispropor-
tionation of BaSn, into f-Sn + Ba,Sn,, but in this case they are
observed without the exposure of the material to low
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Figure 4. (a) HAADF image of a BaSn, particle with the blue box indicating the Sn region used to collect the blue low-loss (b) and high-loss (c)
spectra. The red spectra in (b) and (c) indicate the presence of both Ba and Sn and were collected from the red box in (a).
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Figure S. Raw low-loss data of Sn (a) and Ba/Sn (b) regions collected from the blue and red boxes in Figure 4. Comparison of &, (c) and &, (d)

after Kramers—Kronig analysis of the Sn (blue) and Ba/Sn (red) regions.

temperatures, suggesting that disproportionation occurs due to
an alternative driving force.

S/TEM electron energy-loss spectroscopy (EELS) can also
be used for compositional analysis and can provide information
on the bonding/coordination environment, valence electron
density, and optoelectronic properties of a material. We
collected dual EELS hyperspectral data sets, in which low-loss
and high-loss spectra are collected at each pixel, of the Ba- and
Sn-rich regions in several particles. Figure 4 shows one set of
dual EELS spectra in which we again can see clear differences
between the two regions indicated by the red and blue boxes.
The core-loss data collected for energy losses in the range of

15499

350—900 eV contains the Sn M, excitation at ~485 eV and
the Ba M, excitation at 781 and 796 eV (Figure 4c). The
absence of Ba M, peaks in the Sn region (Figure 4c blue)
confirms that the region indicated by the blue box in the
HAADF image is predominantly Sn, whereas the red spectrum
in Figure 4c shows the presence of both elements within the
“porous” region of the HAADF image (red box). Additionally,
we see a change in the fine structure of the Sn M, edge
between the two data sets. From the Sn-rich region, the Sn
M, 5 edge is broad with a delayed maximum that is the typical
fingerprint of other metals with full d-shells.">'” However, in
the Ba-rich region, we see sharper features on the Sn M,
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onset, as well as additional fine structure following the maxima,
indicating a change in the oxidation state of the Sn, consistent
with Ba—Sn bonding. Importantly, the absence of any peaks
associated with the oxygen K-edge excitation at 530 eV
confirms that the sample has not been oxidized during the
transfer to the TEM.

The low-loss region collected from 0—110 eV contains the
Ba O, ; ionization edge at 15 €V and the Sn N, 5 edge at 24 eV
(Flgure 4b). The plasmon peak, associated with the collective
excitation of the valence electron density, is also present in this
region. Each peak position is close in energy causing some
overlap of the observed features. Therefore, further data
processing is needed to draw more quantitative comparisons.
In order to separate each contribution, a Kramers—Kronig
(KK) analysis was performed in DigitalMicrograph (DM)"®
preceded by removal of the zero-loss peak (ZLP) and
deconvolution using the Fourier-log method to remove the
effects of plural scattering. The KK analysis allows for
extraction of the real (&) and imaginary (&,) parts of the
complex dielectric function from the single scattering
distribution of the inelastic spectrum (Figure S). 1617 In
insulator or semiconductors, the onset of &, can provide a
measure of the band gap of a material. However, the onset can
be influenced by both the ZLP removal and the energy
resolution, which is defined by the full width at half maxima
(FHWM) of the ZLP.''"" The removal of the ZLP was
performed using the reflected tail method in DM with a half
width at quarter maximum (HWQM) of 2. After various
HQWM values were tested, a HWQM of 2 was chosen as any
value greater than this resulted in artifacts in the data (Figure
S1). Using these settings resulted in an &, onset of ~0.6 eV,
indicating that improved energy resolution would be necessary
to probe the band gap (0.2 eV) of BaSn,. Finally, the optical
refractive index is used to normalize the dielectric function in
the KK analysis. Since this value is unknown for BaSn,, we
explored a range of refractive index values from 1.1 to S50
(Figure S2). A value of 2.7 was chosen as this is close to
previously reported refractive index values of Sn.'”*’

Figure 5c and d show the comparison of €, and ¢, for the Sn
and Ba/Sn regions. Both the &, and &, plots show sharp
intensity close to zero; however, these are artifacts associated
with ZLP removal. In €, (Figure 5d), the Sn N, 5 edge at ~24

eV is well-defined for both regions; however, the Ba O,; edge
at ~15 eV is only visible in the data collected from the Ba/Sn
region. The plasmon energy, which is dependent on the
valence electron density, is identified as the minimum in the
plot of &,.'®"” Interestingly, this minimum is fairly consistent
between the two regions at ~14 eV (Figure Sc). The plasmon
peak energy for f-Sn is 13.7 eV.'° The peaks in &, in the
energy-loss range 4—8 eV may be associated with additional
single electron transitions, but further investigation is needed
to identify these excitations.

As mentioned previously, the core-loss data supports the
presence of Sn and Ba,Sn, regions, but to more quantitatively
compare the two areas, a background subtraction and a
deconvolution were performed for both the Sn and Ba
ionization edges as described in the experimental section
(Figure 6). From the deconvolved spectra, we created
spectrum images in which each pixel contains only Sn or Ba
signal by using an energy window over each ionization edge
(Figure 6b and c). We then divided these images to get a Ba:Sn
ratio per pixel for each data set. The ratios were plotted in a
frequency diagram (Figure 6e) which shows an overall Ba:Sn
ratio of 1:2 as the most common stoichiometry. These findings
again support disproportionation of BaSn, into $-Sn and a Ba-
rich Ba,Sn, phase. The possible driving forces for this
disproportionation include (i) a decrease in temperature, as
was observed with the exposure to liquid nitrogen, (ii)
oxidation, or (iii) exposure to a high-vacaum or a low-pressure
environment. Our experimental results can eliminate the first
two possibilities as the use of the environmental holder
eliminated the need for transportation in liquid nitrogen, and
the lack of an O K ionization edge (~530 eV) in the core-loss
data indicates successful air-free transfer. While complete
oxidation of BaSn, may also lead to the formation of $-Sn,
powder XRD data collected on BaSn, powder before and after
exposure to ppm-level oxygen from the glovebox for 6 days
does not show the formation of $-Sn, indicating that ppm-level
oxygen is not enough to drive disproportionation (Figure S3).
Therefore, the only difference between the material analyzed
by XRD and S/TEM is the exposure to the high-vacuum
atmosphere in the microscope. To test whether the low-
pressure environment is the potential driving force for
disproportionation, we collected XRD data of BaSn, particles
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before and after exposure to a vacuum of 1.4 X 10~* mbar for
18 h. The XRD data in Figure 7 shows the presence of $-Sn in
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Figure 7. XRD of BaSn, particles before (blue) and after (gray)
exposure to 10™* mbar vacuum for 18 h. The new reflections are
indicative of f-Sn formation.

20 30

the postvacuum spectrum. While there is agreement between
the XRD and S/TEM analyses, there are also a few important
differences. The XRD data in Figure 7 suggests that a small
amount of f-Sn is formed when the material is exposed to a
high vacuum and that the remaining material is still primarily
BaSn,. In contrast, the S/TEM data suggests the formation of
significant amounts of #-Sn, and the remaining Ba-rich material
has a variable stoichiometry. While our results clearly show
that the exposure to a low-pressure environment initiates the
disproportionation of BaSn,, in the TEM the extent of the
disproportionation may be greater due to the higher vacuum
and/or greater exposed surface area of the particles.

B CONCLUSION

In conclusion, we have shown that BaSn, disproportionates
into f-Sn and a Ba-rich Ba,Sn, phase under the influence of
low pressure. XRD data indicates that the starting material is
primarily BaSn, with traces of BaSn;. S/TEM characterization
via HRTEM and HAADF imaging, EDS, and EELS analysis
was used to show a correlation between morphology,
composition, and crystallinity of the Sn and Ba-rich regions.
Sn-rich areas show a homogeneous morphology in the
HAADF images and have long-range ordering with SAED
patterns that are consistent with $-Sn. Porous regions in the
HAADF image have a varying Ba:Sn ratio and are primarily
amorphous or polycrystalline. Whole particles on average
exhibit a Ba:Sn ratio of 1:2 as indicated by both EDS and EELS
analysis. XRD analysis shows the formation of f-Sn after
exposure to a low-pressure environment. The use of an
environmental vacuum transfer TEM holder enabled the
elimination of temperature and oxidation as alternative driving
forces for the disproportionation.
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