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In this study, electron-beam irradiation of a MgAl,O,4 single-crystalline thin-film specimen in a transmission
electron microscope reveals an unexpected formation of nanoscale liquid Al droplets. Despite the
comparable melting temperatures of Mg and Al, the resulting liquid phase is predominantly composed of
Al. This predominant presence of Al in the liquid phase is attributed to the selective evaporation of Mg,
driven by its higher vapor pressure at elevated temperatures. Our observations suggest a correlation
between electron-beam irradiation and a subsequent rise in specimen temperature. In particular, the

observed melting of Al defies explanation by the widely accepted mechanism that attributes specimen
Received 4th January 2024 heati t lectron- 0 . th ligibl d ited det ined by th lisi
Accepted 28th March 2024 eating to electron-energy loss, given the negligible energy deposited as determined by the collision
stopping power. Instead, we suggest that the significant specimen heating is due to Auger excitation,

DOI: 10.1039/d4na00011k a process known to deposit substantial energy. This contention is supported by a quantitative heat-
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Introduction

Electron-beam damage in transmission electron microscopes
(TEMs) manifests itself through a spectrum of mechanisms,
encompassing knock-on atomic displacement, sputtering, radiol-
ysis, and electron-beam heating."* Incident electrons engage with
nuclei through elastic scattering, causing knock-on atomic
displacement and sputtering. Radiolysis and electron-beam heat-
ing arise from inelastic electron-electron scattering. Knock-on
atomic displacement refers to the movement of atoms induced
by electron bombardment, while sputtering involves the ejection of
atoms from a solid surface. Radiolysis is the breaking of chemical
bonds caused by the transfer of the electron-beam energy.

In the realm of electron-beam heating, two energy transfer
mechanisms were proposed: direct dissipation of kinetic energy
from incident electrons (electron-energy loss)' and generation
of excited electronic states,* potentially through Auger excita-
tion.* While many studies have shown the importance of beam
heating in understanding nanoparticle dynamics and
melting,**° the lack of comprehensive quantitative analysis
leaves the relative dominance of each mechanism unclear. This
uncertainty hinders accurate interpretation of observed
behavior and necessitates further investigation into the specific
heat-transfer processes at the nanoscale.

An alternative perspective on beam heating mechanisms
comes from Lee et al.’® They'® observed lattice fluctuations in Au
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nanoparticles resting on amorphous SiO, under TEM using
electron-beam irradiation. They proposed using finite element
analysis (FEA) that heating in the specimen arises not just from
the energy deposited by incident electrons losing energy, but
also from electronic excitations like Auger excitation. Therefore,
our ongoing research aims to explore how both effects function
in various systems using TEM and FEA.

As a prelude to this comprehensive endeavor, we initiated an
investigation within the specific framework of MgAl,0, (MAO),
marking the initial phase of our broader investigative trajectory.
A MAO single crystal was selected due to the relatively low
melting temperatures of its constituents, Mg and Al (923 and
933 K, respectively). Additionally, its thermal conductivity
(8.7 W m ' K ' at 300 K") is low, potentially enhancing heat
accumulation. The possible melting of the low-melting
elements would gauge the temperature the specimen reaches
under electron-beam irradiation.

Intriguingly, intense electron-beam irradiation of a MAO
thin film at 4 nA with a beam diameter of 50 nm in a TEM leads
to the formation of nanoscale liquid Al droplets. This occur-
rence is characterized by the Auger-excitation effect, elucidated
through finite element analysis (FEA).

Methods

A (1 0 0) single crystal of MgAl,O, (MAO) (MTI) with a spinel
structure (space group: Fd3m, lattice parameter: 0.808 nm)
served as the substrate for in situ high-resolution TEM (HRTEM)
irradiation experiments. Cross-sectional TEM specimens, with
their broad surface oriented normal to [0 0 1], were prepared
using a focused Ga-ion beam (FIB) within a Quanta 3D FEG

© 2024 The Author(s). Published by the Royal Society of Chemistry
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instrument (FEI). To minimize Ga implantation during FIB
processing, post-processing was performed using an Ar ion
milling system (Model 1040, Fischione Instruments) with an
acceleration voltage of 900 V and a current of 180 pA.

In situ observations of electron-beam irradiation were made
using a spherical-aberration-corrected and monochromated
transmission electron microscope (TEM) (Themis Z, Thermo
Fisher Scientific). The TEM was operated at an acceleration
voltage of 200 keV with a beam current of 4 nA, calibrated
without a specimen in the electron-beam path. The beam
diameter was kept constant at 50 nm, resulting in a current
density of 204 A cm 2. The irradiation behavior was observed in
situ with a charge-coupled device (CCD) camera (Ceta 16M) and
imaged intermittently. Al HRTEM images presented in this
study were subjected to Wiener filtering to improve their signal-
to-noise ratio.

Scanning TEM (STEM) was used with electron energy loss
spectroscopy (EELS) for elemental mapping and phase identi-
fication in the spectrum imaging (SI) mode. This was performed
simultaneously in both high- and low-loss regions, with the
high-loss region covering the edges of O K (532 eV), Mg K (1305
eV), and Al K (1560 eV). The probe diameter was ~0.14 nm and
the energy resolution at the zero-loss peak typically reached

View Article Online
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0.9 eV. EELS profiles were acquired with a convergence semi-
angle of 17.9 mrad and a collection semi-angle of 38.6 mrad.
An entrance aperture of 5 mm and a dispersion of 1 eV per
channel were used with a step size of 0.7 nm. Elemental
quantification in EELS was performed using Gatan Microscopy
Suite software (version 3.32.2403.0), with the background model
set to a power law and the cross section type set to Hartree—
Slater with plural scattering correction. For STEM with energy
dispersive X-ray spectroscopy (STEM-EDXS), a probe diameter of
80 pm was used, also in SI mode, with a focus on Ga concen-
tration determination.

We used ABAQUS 2021 FEA software to study the effect of
electron-beam irradiation on temperature change. We incor-
porated the physical properties of MAO at 300 K, including
a density of 3.58 g cm ? (ref. 12) and a specific heat capacity of
0.85J g ' K~ .* More details of the FEA are accompanied by
FEA results below.

Results

Fig. 1 illustrates the temporal evolution of microstructures under
electron-beam irradiation at a beam current of 4 nA and an
illumination diameter of 50 nm. Extended irradiation resulted in

S 2nm 1001,/001],

410 Wl
—1

Fig.1 Time evolution of the irradiation behavior in the MAO specimen. Panels (a) to (d) show the evolution over time, while panel (e) is an overlay
of fast Fourier transforms of the initial, unirradiated [panel (a)] and irradiated [panel (d)] regions. The green spots in (e) correspond to the initial
unirradiated MAO matrix, while the red spots represent the irradiated region, revealing an orientation relationship [i.e., [0 O 1lmao//[0 0 1]a, (0 1
0)mao//(0 1 0), ). Additionally, in (f), a lower magnification image provides a wider view after irradiation. (g) High-angle annular dark-field (HAADF)
image taken at the end of the irradiation, acquired with a probe diameter of 80 pm and a dwell time of 2 ps. The irradiation time is indicated in the
upper right corner of each panel, with "'m” and “s” indicating minutes and seconds, respectively.
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Fig. 2 Electron energy-loss spectroscopy (EELS)-spectrum imaging (SI) maps with (a) the low-loss and (b) high-loss regions.

the emergence of distinctive circular shadows, as depicted in
Fig. 1c and d. Notably, these circular phases lack discernible
crystalline structures, ensuring no screening or overlap with the
solid single-crystal phase, thereby confirming their liquid nature.
Furthermore, the circular boundaries intersected each other, as
evident in Fig. 1c, d, fand g.

In Fig. le, an overlay of fast Fourier transforms (FFTs)
derived from the initial (Fig. 1a) and irradiated (Fig. 1d) regions
reveals that the crystalline phase in the irradiated region is
closely oriented to the [0 0 1] surface normal of solid Al and is
nearly single-crystalline, given its lattice parameter (a = 0.405
nm). This indicates an orientation relationship between the two

regions, [0 0 1]ya0//[0 0 1]a, (0 1 0)pao//(0 1 0)a1, which is well
explained by a close match between the interplanar spacing of
Al {0 2 0} (0.2025 nm) and that of MAO {0 4 0} (0.202 nm).

The thickness of the irradiated region was determined to be
approximately 82 nm. This value was obtained by considering
the effective atomic number of MAO (Z.;sr = 10) and analyzing
the boxed region in the upper right corner of the low-loss EELS-
SI map (Fig. 2a). The convergence and collection semi-angles
used were 17.9 mrad and 38.6 mrad, respectively.

The atomic compositions measured from the boxed areas in
the irradiated region and its surroundings using the high-loss
EELS-SI map (Fig. 2b) show a significant decrease in Mg

Fig.3 Atomic-percent composition maps of (a) Mg, (b) AL, and (c) O extracted from high-loss EELS-SI (Fig. 2b), along with derived maps showing

the atomic ratios of (d) Al/Mg and (e) Al/O.
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(7.3%) and O (23.4%), but an increase in Al (69.3%), within the
irradiated zone, as compared with those of Mg (14.2%), Al
(30.9%), and O (54.9%) in the unirradiated region, as summa-
rized in Table S1.7 The composition in the unirradiated region
are very similar to that of stoichiometric MgAl,O, (14.29% Mg,
28.57% Al, and 57.14% O). This variation in elemental compo-
sition highlights a significant enrichment of Al within the
irradiated region.

The compositional variations can be graphically represented
by relative Al composition maps with respect to Mg and O
(Fig. 3d and e), which were obtained by dividing the Al
composition map (Fig. 3b) by the Mg and O maps (Fig. 3a and c,
respectively).

The EEL spectra corresponding to the Al K, Mg K, and O K
edges showed a significant change in chemical information
between the unirradiated and irradiated regions. We normal-
ized both the unirradiated and irradiated spectra with respect to
their respective main peaks. The unirradiated Mg K edge
exhibited typical MgAl,0, (MAO) spectral features."**® The
peaks between 1300 and 1320 eV, as shown in the previous
work'® and represented by black arrows in Fig. 4a, were less
visible in the unirradiated region. The Mg K edge from the
irradiated region, on the other hand, lacked discernible peaks
(Fig. 4a) and was weaker in intensity compared to the unirra-
diated region (not clearly seen in the normalized spectra). As
shown in Fig. 4b, the Al K edge from the unirradiated region
mirrored that of MAO."'® Conversely, the Al K edge from the
irradiated region closely resembled that of metallic AL"* In
particular, the position of a saddle point for the irradiated
region matched that of Al metal, as indicated by a dashed
vertical line in Fig. 4b. For the O K edge (Fig. 4c), the shapes of
the spectra from the unirradiated and irradiated regions were
identical, showing distinct MAO features.”*** However, the
intensity of the spectra from the irradiated region was weaker
than that from the unirradiated region (not clearly seen in the
normalized spectra).

Discussion

The limited contrast observed in TEM and STEM-HAADF
images (Fig. 1f and g), due to the minimal difference in effec-
tive atomic number between Al (13) and MAO (10), precluded
direct identification of the liquid phase using these techniques.
Consequently, the identification relied primarily on two key
features discernible from TEM and STEM-HAADF imaging
(Fig. 1). These features include the distinctive -circular
morphology and the lack of interference with the crystal struc-
ture of the underlying solid phase exhibited by the observed
features. This behavior is consistent with the expected proper-
ties of a liquid phase, as it would not disrupt the surface texture
of the underlying solid, analogous to a water droplet on
a surface. The presence of Al within the liquid phase is sup-
ported by the EELS information presented in Fig. 2-4 and
Table S1.f

It is reasonable to expect that upon solidification, the liquid
phases would exhibit a variety of surface normal orientations.
However, the observed dominance of a singular surface normal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Core-loss spectra extracted from the boxed regions in Fig. 2b:
(a) Mg K edge, (b) AL K edge, and (c) O K edge. For the Al K edge, to
facilitate comparison with our experimental edges, the Al K edge of Al
metal (99.999% purity)*® is included, as indicated by the black line in (b).

direction (Fig. 1e) in contrast to a wider range of orientations
suggests that the observed circular features persisted in their
liquid state. This observation further implies that the [0 0 1]
pattern of Al observed in the fast Fourier transform (Fig. 1le)
originates from the underlying solid substrate material.

The onset of Al segregation and melting is thought to be
initiated by the dissociation of MAO under electron-beam irra-
diation. At first glance, this appears to be caused by knock-on

Nanoscale Adv., 2024, 6, 2830-2837 | 2833
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atomic displacement, radiolysis, and/or sputtering. The
displacement energies of Mg, Al, and O in MAO (30, 30, and
59 eV, respectively*®) correspond to threshold displacement
energies of 264, 288, and 326 keV, respectively, in terms of
knock-on atomic displacement. As a result, knock-on atomic
displacement appears less likely with 200 keV electron-beam
irradiation. Instead, the segregation and subsequent melting
of Al may be primarily due to radiolysis. Sputtering, on the other
hand, involves the ejection of surface atoms into vacuum by
bombarding the specimen with high-energy electrons. There-
fore, while it may contribute to specimen thinning, its role in
the dissociation is negligible. To sum up, radiolysis leads to the
atomic separation of Mg and Al atoms, with O atoms being
ejected into a vacuum as O,.

The Al melting phenomenon appears to be unrelated to the
traces of Ga, which were most likely introduced during TEM
specimen preparation by FIB. This conclusion is supported by
the successful removal of Ga by post-FIB Ar ion milling, as
shown in Table S2.7

To explain the melting of Al under electron-beam irradiation
of MAO, we performed quantitative thermal analyses using FEA.
Our investigation focused on two major effects: electron-energy
loss and Auger excitation. For FEA, the geometric configuration
of the matrix had a diameter of 2 pm (in the x-y plane) and
a thickness of 80 nm (in the z-direction), consistent with the
STEM-EELS measurement (Fig. 2a) for the thickness. A cylin-
drical region mirroring the irradiated region (50 nm diameter)
was introduced in the center of the geometry, as shown in
Fig. S2.f Taking advantage of the inherent symmetry, we
modeled a quarter of the structure using finite elements, con-
sisting of 8-node linear brick (DC3D8) elements, totaling tens of
thousands. Setting the initial temperature and the temperature
at the matrix edge at 293.15 K.

The energy input methods varied for different effects. To
simulate the energy-loss effect, a body heat flux was applied
along a line corresponding to the thickness of the irradiated
region, replicating the transverse path of an incoming electron
in the medium (Fig. S3at). For the Auger effect, a heat flux was
applied to a 2 nm-diameter spherical source strategically placed
at the center of the layers in the irradiated region (Fig. S3b¥). An
energy deposition time of 10?5 (1 ps) was used to account for
electron-phonon coupling.®

Since our FEA involved modeling the irradiated region with
thickness variations ranging from 80 to 10 nm, it was imperative
to consider the effect of the nanoscale on thermal conductivity.
It is well accepted that reducing dimensions to the nanoscale
results in reduced thermal conduction due to electron scat-
tering at surfaces.>»** Unfortunately, there have been no reports
on the nanoscale effect for MAO. Therefore, for the heat transfer
analysis within the MAO layer, we relied on the findings of Negi
et al.>® Their work established a consistent trend in the size
effect on thermal conductivity based on experimental results
across different oxides. This tendency revealed that the relative
thermal conductivity to the bulk value at the nanoscale for most
oxides consistently falls within a range delimited by upper and
lower ratio bounds. Following the results of Negi et al.,*® we
fitted two cross-plane thermal conductivities using the bulk

2834 | Nanoscale Adv, 2024, 6, 2830-2837
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conductivity of MAO at 300 K (8.7 W m ' K )" for each
thickness, representing the potential upper and lower limits for
MAQO (Table S31). Meanwhile, the bulk value was used as the in-
plane thermal conductivity (Table S37).

Understanding the influence of the energy dissipation of
incoming electrons on temperature rise requires a careful study
of the energy they deposit as they move through a material. The
energy dissipated by these electrons can cause the temperature
of the material to rise. In this investigation, we used the concept
of collision stopping power,?**® which quantifies the energy lost
by an electron due to inelastic scattering within a material.

We represented the heat source as a line spanning the
thicknesses studied of the MAO layer to simulate the effects of
energy loss from incident electrons. MAO is characterized by
a collision stopping power of 0.82 eV nm ™ for electrons with an
acceleration energy of 200 keV.?® This means that an energy of
0.82 eV was deposited for every nanometer along the linear heat
source (Fig. S3aft).

For the Auger effect, the calculation of deposition energies
within the MAO layer involves a complicated path. Upon the
incidence of an electron onto the MAO surface, the stoichiom-
etry of MAO (1:2:4) dictates the ensuing probabilities: 1/7 for
Mg, 2/7 for Al, and 4/7 for O atoms. Further complicating
matters, the cross sections for inner-shell ionization in Mg, Al,
and O must be taken into account to match the probabilities of
Auger events occurring. The cross sections for K-shell ionization
at an acceleration energy of 200 keV are as follows:* 2.7 x 10~
em? for Mg, 2 x 10~ >! ecm? for Al, and 7.5 x 10>' ecm? for O.
Combining these parameters with the Auger energies of Mg
(1188 eV), Al (1396 eV), and O (510 eV),*® the average deposited
energy is estimated to be ~656 eV. The full derivation is pre-
sented in ESI Section 1.f

Auger-electron energy deposition, a stochastic process,
deposits less energy in the nanometer-thick layers studied here
than in their bulk counterparts. Using Matthiessen's rule and
considering the probability of inelastic scattering within the
MAO layer at different thicknesses (80, 60, 40, 20, and 10 nm),
an Auger electron is expected to deposit a part of 656.45 eV. For
example, with an inelastic mean free path (IMFP) of 1.814 nm at
an Auger energy of 656.45 eV for MAO,*" in the 80 nm-thick layer
the Auger electron deposits a reduced energy of ~641.90 eV,
a principle applicable to the other thicknesses (see detailed
derivation in Supplementary Section 2 and summarized in
Table S4t). The diameter of the heat source was determined to
be 2 nm (Fig. S3bt), because the inelastic mean free path ranges
from 1.785 nm for the energy of 641.90 eV to 1.611 nm for
555.65 eV.*!

The FEA results shown in Fig. 5a and b reveal that the energy-
loss effect in specimen heating was insignificant, with the
maximum temperature not reaching 300 K. In contrast, the
Auger effect greatly increased the specimen temperature,
exceeding the melting temperatures of Al and Mg for thinner
thicknesses of the irradiated region (Fig. 5c and d). As the
thickness of the irradiated region decreased from 80 to 10 nm,
the maximum temperature increased from 872 K to 1274 K
(Fig. 5d), most likely due to the lower cross-plane thermal
conductivities (Table S31). This decrease will cause heat

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature distributions at 1 ps and time evolution of the maximum temperature. (a) Quarter-symmetric temperature distribution for
the energy-loss effect at 1 ps within the irradiated region (10 nm thickness at the lower-bound thermal conductivity). (b) Temperature versus time
plots at the center of irradiated MAO layers of different thicknesses. (c) Quarter-symmetric temperature distribution for the Auger effect at 1 ps
within the irradiated region (80 nm thickness at the lower-bound thermal conductivity. (d) Temperature versus time plots at the center of the

irradiated MAO layers.

accumulation and raise the specimen temperature, which was
also observed in the energy-loss effect (Fig. 5b). Therefore, for
each thickness, the maximum temperature calculated from the
lower thermal conductivity limit exceeds the maximum
temperature calculated from the upper limit (Fig. 5).

The number of atoms for each element contained in the
irradiated disc is shown in Table S5.1 Multiplying the number
of atoms by the current density used (204 A cm™ > or 1.27 x 10**
electrons cm 2 s ') and the cross section of each element®
produces the corresponding number of Auger events per second
for each element and its reciprocal corresponds to the time
between Auger events in the MAO layers (Table S51). The times
between Auger events for the studied MAO layers with thick-
nesses from 10 to 80 nm are estimated to range from ~1 ps to 10
ns. The FEA results show that the cooling rates for the Auger
effect exceeded 10" K s™' (Fig. 5d). This implies that the
specimen underwent repeated cycles of rapid melting and
supercooling under electron-beam irradiation.

The faceted structure observed in the liquid droplets can be
attributed to the formation of facets on the surface of the
underlying solid matrix. As observed by Lee et al.,** electron-
beam irradiation induces the drilling of holes, and these
holes are surrounded by energetically favorable surfaces,
specifically low-index planes. Even before the drilling process,
these planes begin to evolve during irradiation, resulting in
surface indentation.®® The liquid droplets could become
entangled in these indented surfaces, exhibiting the observed
faceted shape.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In addition, the faceted appearance could also be influenced
by the viscosity of the liquid metal. The angular properties of
the liquid phases could be a result of viscosity effects. However,
more in-depth theoretical analysis is needed to explore both
explanations and to understand the complex interplay between
surface dynamics and the behavior of the liquid metal under
electron-beam irradiation.

The marked absence of Mg in the irradiated region
compared to its unirradiated counterpart (Fig. 3d) suggests
high-temperature loss, potentially due to either: (1) exceeding
Mg's boiling point (1363 K) as indicated by the FEA-calculated
maximum temperature (Fig. 5), or (2) Mg's much higher vapor
pressure at high temperatures compared to Al (e.g., 1600 for Mg
vs. 5.08 x 10°° Pa for Al at 1000 K),** leading to preferential
evaporation under Auger-effect beam heating. Both mecha-
nisms could contribute to the selective Mg loss. Regardless of
the mechanism, very high temperatures are needed, likely
caused by Auger-induced beam heating.

Note that the Auger-excitation effect becomes more
pronounced at the nanoscale. As dimensions shrink to this scale,
there is a simultaneous decrease in both the thermal conductivity
and the number of atoms. The reduction in thermal conductivity
increases heat accumulation, and the energy deposited by Auger
electrons is shared by the smaller number of atoms. This
combined action results in considerable specimen heating.

For the calculation of the deposited energies, we primarily
focused on K-shell ionization for Mg, Al, and O. Mg and Al also
exhibit LMM Auger events, but their energies (48 and 70 eV,

Nanoscale Adv., 2024, 6, 2830-2837 | 2835
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respectively)® are significantly lower than their KLL counter-
parts (1188 and 1396 eV)*® despite higher cross sections for L-
shell ionization (3 x 10~ ¢cm® for Mg and 2 x 10~'° cm? for
Al at 200 keV) than those for K-shell ionization.”® This energy
difference led us to prioritize KLL Auger events for Mg and Al in
our heating energy deposition calculations.

We acknowledge the existence of other secondary electrons,
categorized as slow and fast. However, due to their low energies
(~50 eV) and even lower cross sections than inner-shell ioni-
zations,> slow secondary electrons were excluded. Due to their
high energies (up to 50% of the incident beam energy),* fast
secondary electrons exhibit collision stopping powers compa-
rable to those of the incident electron, leading to negligible
specimen heating. Consequently, this study solely focuses on
KLL Auger events for Mg, Al, and O as the primary source of
heating during electron microscopy.

Conclusions

Our observations suggest that Auger excitation, rather than the
traditional electron-energy loss mechanism, is the primary
contributor to specimen heating during Al melting in TEM. This
finding challenges current understanding of beam heating in
TEM and necessitates reinterpretation of beam-irradiation
phenomena occurring in many systems. Furthermore, the
ability to form liquid metal microstructures with electron
beams demonstrated here suggests the development of
advanced materials for microfluidic devices with precisely
controlled flow patterns at the nanoscale. Liquid metals have
high electrical and thermal conductivity as well as exceptional
deformability.**** In this research, we propose to utilize these
characteristics through electron-beam irradiation to enhance
the surface engineering of different compounds. This opens up
new possibilities for creating flexible electronics, a project that
is currently underway.
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