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An in-depth understanding of thermal behavior and phase evolution is required to apply heterostructured
nanowires (NWs) in real devices. The intermediate status during the vaporization process of InAs NWs in an
AlLOs shell was studied by conducting quenching during in situ heating experiments, using a transmission
electron microscope. The formation of As clusters in the amorphous Al,O shell was confirmed by analyzing

the high-angle annular dark field images and energy-dispersive X-ray spectra. The As clusters existed
Received 27th July 2020 independently in the shell and lso observed at the end of the InAs pi btained  aft
Accepted 10th December 2020 independently in the shell and were also observed a e end of the InAs pieces obtained after
quenching. The formation process of the As clusters was demonstrated from a theoretical perspective.

DOI: 10.1039/d0ra06505¢ Moreover, an ab initio molecular dynamics simulation (AIMD) was conducted to study the atomic and
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Introduction

Semiconductor nanowires (NWs) of IIlI-arsenide compounds
have received attention as active components in electronic and
optical nanodevices and electrical interconnections.'” Besides,
the formation of heterostructured NWs, e.g. core-shell NWs,
has been required to fabricate an ideal device and has also been
suggested to improve the functionality of a NW-based device.
The physical and chemical properties of heterostructured NWs
are largely affected by the interface boundary effect and surface
structure due to their large surface-to-volume ratio. Many
researchers have attempted to understand novel phenomena of
phase transition and/or transformation on the heterostructured
NWs and to enhance the performance of NW-based devices by
fabricating heterostructured systems.*?® As the physical and
chemical properties of pure NWs differ from those in bulk, the
physical and chemical properties of heterostructured NWs also
differ from those in bulk systems. To apply heterostructured
NWs in real devices, an in-depth understanding of various
physical and chemical properties besides thermal behavior and
phase evolution is required.
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Thermal behavior and phase evolution in heterostructured
nanomaterials have been studied recently using transmission
electron microscopy (TEM)."*"** Recently well-established in situ
heating TEM experiments can provide an alternative way to
study the vaporization process for nanometer-sized materials by
monitoring morphological and microstructural properties in
real time with a high resolution of individual nanostructures.
Moreover, the volumes of melting, vaporization, and conden-
sation molecules can be quantified by considering the 3-
dimensional morphology, and the exact sizes of these mole-
cules, and the dynamic behaviors of the vaporization processes
can be understood by analyzing the bright-field (BF) and high-
resolution (HR) TEM images. Based on advanced TEM tech-
niques, several studies have reported specific phase transition
phenomena in nanomaterials by adopting various hetero-
structured nanomaterials.**®

In this study, we report the observation of arsenic (As) clusters
formed during the in situ heating TEM experiments of InAs NWs
covered with an Al,O; thin shell. Al,O; has been widely used in
shell structure engineering for producing nanotubes for drug
delivery, and it has also been widely considered as a passivation
layer in III-As compound semiconductors.”>'® In addition, an
Al O3 thin film imparts visibility to the phase evolution behavior
of target materials during TEM imaging because of its amor-
phous structure. The atomistic evolution after the decomposition
of indium and arsenic atoms is demonstrated by analyzing the
results from molecular dynamics simulation.

Experimental

InAs NWs were grown on Si (111) substrates without metal
catalysts using molecular beam epitaxy (MBE). In and As fluxes
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were 3 x 10 % and 1.2 x 10° torr respectively, and the growth
temperature of InAs NWs was 430 °C. The grown InAs NWs were
separated and dispersed in an isopropyl alcohol (IPA) solution
from the Si substrate by ultrasonic treatment. The IPA solution
with InAs NWs was dropped onto a TEM electronic heating chip
(Fusion, Protochips Inc., USA). The chip with InAs NWs was
loaded into a thermal atomic layer deposition (ALD) chamber
(5200, Savannah, Cambridge NanoTech Inc., USA). Al,O; shells
were deposited from the reaction of trimethylaluminum
(Al(CH3);, TMA, Sigma Aldrich, USA) with H,O at 70 °C. The flow
tube pressure was ~100 mTorr during the deposition. The
detailed ALD processes for Al,O; shells have been described
elsewhere."” After the ALD process, the grid and heating device
were placed on TEM holders for microstructural characteriza-
tion and in situ heating TEM experiments. The in situ TEM
experiments were conducted using a field-emission gun (FEG)
transmission electron microscope operating at an accelerating
voltage of 300 kV (FEI Tecnai F30 S-Twin, USA). The continuous
change process of InAs/Al,O; heterostructured NWs with
increasing temperature was monitored. A time series of TEM
images was recorded using a Gatan charge-coupled device
camera with an acquisition rate of 5 frames s~ '. InAs NWs were
monitored over a wide range of temperatures from 20 °C up to
800 °C with a ramping rate of 10 °C min~ " in this study. To
check the intermediate status, the heating system was
quenched to 20 °C when the heating temperature reached
700 °C. After the quenching process, the microstructural char-
acterization and compositional analyses of InAs NWs were
conducted by using high-angle annular dark field (HAADF)
imaging and energy-dispersive X-ray spectroscopy (EDS) anal-
ysis. A field-emission gun transmission electron microscope
(FEG-TEM, FEI Titan G2 ChemiSTEM 80-200 kV, USA) was used
for performing HAADF imaging and EDS analysis.

We performed an ab initio molecular dynamics (AIMD)
simulation to observe the dynamics of the surface atoms of InAs
NWs. We adopted the projector-augmented wave method
implemented in the Vienna ab initio simulation package.'® The
flavor of Perdew-Berke-Ernzerhof exchange correlation func-
tion was adopted with a 400 eV plane wave basis energy cut-off.*
A slab model of In-terminated InAs(100) with a thickness of 20 A
(containing 64 atoms in total) was generated with a vacuum
layer along the c-axis direction. The system was simulated based
on the NVT ensemble for 40 ps at 1500 K using the Nosé-Hoover
thermostat with 1.0 fs timestep. A set of 4 x 4 x 1 k-point grids
was employed to sample the 1% Brillouin zone. To model the
slab surface during the dynamics simulation, two In and As
layers were fixed to mimic bulk states. Diffusion coefficients
were calculated using TRAVIS, and the radial distribution
functions were analyzed using VMD.>***

Results

Fig. 1 shows the typical morphological and microstructural
evolutions of InAs NWs with Al,O; thin shell during in situ
heating TEM experiments. The Al,O; shells were uniformly
deposited on InAs NWs through the ALD process with a thick-
ness in the range of 15 to 16 nm. The microstructural properties
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Fig. 1 In situ TEM images during heat treatment indicating the
morphological and microstructural evolutions of InAs/Al,Os core/shell
systems. (a) RT, (b) 600.0 °C, (c) 742.5 °C, and (d) 745.0 °C.

of InAs NWs adopted in our experiments were described in
detail in our previous study.”” Based on the analyses of the
selected area electron diffraction patterns and the results of the
fast Fourier transform of HRTEM images, it was confirmed that
the Al,O; thin shells were amorphous. The diameter of InAs
NWs was in the range of several tens to several hundreds of
nanometers, and it was also confirmed that InAs NWs were fully
covered by the Al,O; shells. With increasing temperature, the
disappearance of InAs NWs in the Al,O; shells was detected,
and the vacant area gradually increased (Fig. 1(b) and (c)).
Specifically, the decomposition of InAs started at the interface
between the InAs cores and the Al,O; shells, and the vacant
areas were occasionally formed at the corner and/or in the
middle of InAs NWs. In Fig. 1(b), the small red arrows indicate
the decomposition positions at the corners, whereas the large
red arrows indicate the decomposition initiation in the middle
parts of InAs NWs. Segmented InAs parts were formed in InAs
NWs with continuing decomposition because the decomposi-
tion started simultaneously in several parts of these NWs
(Fig. 1(c)). When the temperature reached above 743 °C, InAs
rapidly decomposed and completely disappeared within a few
seconds (Fig. 1(d)).

Fig. 2 shows the HAADF-scanning TEM (STEM) images and
the EDS results for the InAs/Al,O; heterostructured NWs that
remained localized after the completion of the in situ heating
TEM experiments at 705 °C. In the HAADF-STEM image shown
in Fig. 2(a), white bar-like structures appear to be present in the
Al,O; shell. However, the bar-like structure in region L1 in
Fig. 2(a) is darker compared with other white bar-like struc-
tures. Moreover, it is slightly discontinuous and has non-
uniform contrast. The EDS results obtained by the local
elemental mapping method, which are depicted in Fig. 2(b)-(e),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) HAADF-STEM image captured using the InAs/AlL,O3 core/shell system. (b—d) Elemental mapping of the In (shown in red), As (green),

and oxygen (sky-blue) contents of the core/shell system, respectively. (e) Overlapped elemental mapping of the In, As, O, and Al contents. (f)
Magnified HAADF-STEM image obtained from the InAs/Al,Oz core/shell system. (g and h) Elemental mapping of In (shown in red) and As (green),
respectively. The arrows indicate the existence of As clusters at the end of the InAs parts.

show the spatial distributions of the chemical elements In, As,
O, and Al on the heterostructured NWs after the in situ heating
TEM experiment. Region L1 was devoid of In atoms, although
the other bar-like structures consisted of the chemical element
In. On the other hand, the signal intensity for As atoms in
region L1 was much stronger than the other areas. The EDS
results indicated that region L1 was composed only of pure As
atoms, whereas the other bar-like structures were composed of
both In and As atoms. The signals for Al and O were intense in
the shell area and almost same at the inside and outside of the
shell.

Moreover, the shell area was completely devoid of In and As
atoms. Therefore, we deduced that the chemical reaction
between the InAs core and the Al,O; shell did not occur during
the in situ heating TEM experiment. Specifically, the strong
signal intensity from As atoms was occasionally detected at the
ends of the white bar-like structures, as indicated by the yellow
arrows in Fig. 2(b), (c), and (e). The HAADF-STEM image in
Fig. 2(f) and the EDS area mappings in Fig. 2(g) and (h) clearly
show the localized As cluster at the end of the InAs core. The
discontinuity of contrast was detected at the end of the InAs
core, indicated by the yellow arrow in the HAADF-STEM image

© 2021 The Author(s). Published by the Royal Society of Chemistry

(Fig. 2(f)). The EDS mappings for In and As atoms clearly
showed that As atoms were localized at the end of the InAs core,
and the signal intensity was uniform in the area at the end of
the InAs core. It is important to note that some of the vacant
regions, e.g. the vacant area in region L3 in Fig. 2(a), are devoid
of As clustering.

After the in situ heating process in the transmission electron
microscope, HR TEM images were obtained for investigating
the atomic structures. Fig. 3(a) shows the TEM image obtained
from region L2 in Fig. 2(f), which was formed under the multi-
beam condition. The interface between pre-existing InAs and
the newly formed As cluster was abrupt, although a few thin
steps with a thickness in the range of approximately two or three
monolayers were observed at the interface. Even after the in situ
heating TEM experiment, the thickness of the Al,O; thin shell
remained constant at 15 nm, and it was the same as that of the
as-deposited film.

However, a slight change in contrast, as indicated by the blue
arrow in the BFTEM image, occurred in the Al,O; shell
(Fig. 3(a)). Fig. 3(a) shows that the variation in the contrast in
the AL, O; shell is smooth in the left side, whereas it is slightly
abrupt in the right side. The variation in the contrast was

RSC Adv, 2021, 11, 177-182 | 179
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Fig. 3

(a) BFTEM image captured at the region including the As cluster at the end of the InAs part. The line profile in (a) indicates the change in

signal intensity along the dotted rectangle, and the arrow shows the discontinuity of contrast change. (b and c) HRTEM micrographs presenting

the atomic structures in regions R1 and R2, respectively.

detected in the As cluster. Further, the variation in contrast in
a TEM image can be caused by the differences in mass, thick-
ness, crystallinity, and orientation of crystal structures in
a specimen. In the case of the As cluster, the contrast change
was predominantly caused by the crystallinity. The HRTEM
image (Fig. 3(b)) obtained from region R1 in Fig. 3(a), in which
bright-and-dark contrast is observed, shows the crystallized
atomic structure in the As cluster.

On the other hand, the HRTEM image (Fig. 3(c)) obtained
from region R2 in Fig. 3(a) indicates that the As cluster area in
region R2 is devoid of crystallization. The inter-planar spacing
(~3.2 A) observed in the As cluster in Fig. 3(b) is close to that of
the {101} planes of the As crystal with a rhombohedral structure.
Moreover, a Moiré pattern was observed near the middle of the
cluster. From these observations, we deduced that As atoms
might have been partially crystallized during the rapid cooling
process after the in situ heating TEM experiment.

Discussion

As clustering is a specific phenomenon. The As atoms that
originated from the decomposition of InAs were condensed on
the As cluster, indicating that As atoms are retained by the Al,O;
thin shell, whereas In atoms selectively escape through the
Al,O; shell. However, because the atomic and ionic radii of As
atoms are smaller than those of In atoms (i.e., the atomic and
electronic radii of As are 1.3 A and 0.58 A, respectively, and
those of In are 2.0 A and 0.8 A, respectively), it can be deduced
that the escape of As atoms through the Al,Oj; thin shell is more
favorable than that of In atoms.

The existence of pores and/or pinholes in Al,O; thin films
deposited by the ALD method has been reported by a few
research groups.®** The changes of atomic structures in Al,O3
deposited by ALD method might have been caused by the i situ
heating experiments.*** Moreover, the accelerated crystalliza-
tion of the amorphous Al,O; shell by an electron beam at a low
temperature (600 °C) has been reported by Huang et al'®
Therefore, we deduce that there are a few routes for the escape
of atoms and/or molecules in the Al,O; shells, probably formed
during the deposition and the post in situ heating. In the actual

180 | RSC Adv, 2021, 1, 177-182

experiment, the shape and/or morphology of the as-prepared
Al,O; thin shell gradually changed as the temperature
increased; a shell shrink, a microcrack, and a small hole were
finally generated at the local areas on the Al,O; layer, indicated
by the squares in Fig. 1(d). We therefore conclude that the
decomposition proceeds with an increase in temperature, and
the decomposed In and As atoms escape through the small
paths in the thin shells.

In general, As vaporization occurs more rapidly than metal
vaporization. Therefore, it causes the problem of leaving metal
droplets on the surface while growing a thin film by using MBE
at a high temperature.”*?*

However, in our experiments, it was confirmed that a fertile
region of As, not In, occurs in the Al,O; thin shells. Our AIMD
simulations show the distinct behavior of As atoms. At a highly
elevated temperature of 1500 K (= 1226.85 °C), both In and As
atoms rapidly fluctuate near the surface. Fig. 4(a) shows the
radial distribution function (RDF) of In and As atoms near the
surface plotted as a function of distance. For As atoms, the first
peak followed by a local minimum is clearly shown, whereas
such a peak is not observed for In atoms. The coordination
number can be calculated from the integral of RDF up to the
first minima, and the value of surface As atoms reads as ~1.27.

This result indicates that As atoms are more prone to form
a molecule than In atoms. Indeed, we observed As dimers,
trimers, and tetramers during the tens of ps molecular
dynamics simulations, as shown in Fig. 4(b). According to our
calculations, the size of an As trimer and tetramer is estimated
as ~6 A, considering As-As bond lengths and the van der Waals
radius of an As atom. We also calculated the diffusion coeffi-
cients from a linear regression of mean square displacements of
surface atoms, and the value of In atoms is calculated as 4.38 x
107° m? s, which is almost twice of that of As atoms, namely
2.52 x 107° m> s~ ' The relatively high diffusion coefficient
value of In atoms strongly supports their relatively fast move-
ments. In the InAs/Al,O; core-shell structure, it is supposed
that the diameter of the paths is generally smaller than the
mean free path of gas molecules, resulting in the spreading of
Knudsen diffusion. The Knudsen diffusion coefficient, Dgy, in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Radial distribution functions g(r) of As—As and In—In at the surface. The function of As atoms clearly shows a peak and the first local
minimum indicating As—As pair, whereas In atoms do not exhibit such a behavior. (b) Evidence of existence of As, (dimer), Asz (trimer) and As,4
(tetramer) near the surface during the dynamics simulation. The red circle shows the evolution of such molecules. The atomic configurations are

visualized using the VMD package.®

a cylindrical tube can be calculated by using the following

equation:*>*°

2r [8RT
Dya = —

3 TCMi

1)

where r is the radius (m), R is the molar gas constant (Pa m®
mol ' K™"), T is the temperature (K), and M; is the molecular
weight of the gas (kg mol™%).

At a fixed temperature (i.e., at 700 °C in our in situ heating
experiment), the Knudsen diffusion coefficients of gas mole-
cules were determined by the molecular weight because the
radius, r, was fixed. The Knudsen diffusion coefficient of As
atoms is larger than that of In atoms, but the Knudsen diffusion
coefficients of As, (dimer) and As, (tetramer) molecules are
smaller than the Knudsen diffusion coefficient of In atoms due
to their heavy molecular weight. Therefore, we deduce that the
In atoms escape more actively compared to As atoms through
the InAs/Al,O; core/shell system.

Conclusions

We observed the formation of As clusters in the amorphous
Al,O; shell after the quenching process during the in situ
heating experiments conducted inside a transmission electron
microscope. InAs nanowires were broken into pieces after the
quenching process; some of the pieces were composed of InAs
and some were composed only of As. In addition, the existence
of As clusters at some ends of the InAs pieces was confirmed.
The As clusters were found to be a mixture of crystalline and
amorphous phases. Theoretical calculations indicated the rapid
formation of arsenic dimers and tetramers during the vapor-
ization process at a high temperature. Moreover, these calcu-
lations also indicated that the In atoms dynamically behaved as
a single particle. Thus, it was concluded that the escape of As
atoms was blocked by the Al,O; thin shell, whereas In atoms
freely escaped through the sheath layer. This study provides
a new insight by suggesting that specific atomic and molecular

© 2021 The Author(s). Published by the Royal Society of Chemistry

behaviors depending on chemical species can be employed in
confined systems to create new types of materials.
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