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ABSTRACT

Crystallization of amorphous materials by thermal annealing has been investigated for numerous applications in the fields of nanotechnology,
such as thin-film transistors and thermoelectric devices. The phase transition and shape evolution of amorphous germanium (Ge) and Ag@Ge
core—shell nanoparticles with average diameters of 10 and 12 nm, respectively, were investigated by high-energy electron beam irradiation and
in situ heating within a transmission electron microscope. The transition of a single Ge amorphous nanoparticle to the crystalline diamond
cubic structure at the atomic scale was clearly demonstrated. Depending on the heating temperature, a hollow Ge structure can be maintained
or transformed into a solid Ge nanocrystal through a diffusive process during the amorphous to crystalline phase transition. Selected area
diffraction patterns were obtained to confirm the crystallization process. In addition, the thermal stability of Ag@Ge core-shell nanoparticles
with an average core of 7.4 and a 2.1 nm Ge shell was studied by applying the same beam conditions and temperatures. The results show that
at a moderate temperature (e.g., 385 °C), the amorphous Ge shell can completely crystallize while maintaining the well-defined core-shell
structure, while at a high temperature (e.g., 545 °C), the high thermal energy enables a freely diffusive process of both Ag and Ge atoms on the
carbon support film and leads to transformation into a phase segregated Ag-Ge Janus nanoparticle with a clear interface between the Ag and
Ge domains. This study provides a protocol as well as insight into the thermal stability and strain relief mechanism of complex nanostructures
at the single nanoparticle level with atomic resolution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144742

INTRODUCTION have been thermally introduced into Ge-based nanowires to fabri-
cate reliable metal-semiconductor heterostructures.'' '’ However,

The properties of nanocrystals are hlghly dependent on their most studies focus on the fabrication of 1D heterojunction due to
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composition, structure, and morphology. Tailored synthesis with
control of these parameters can be successfully applied to pro-
duce nanocrystals with the desired properties for specific applica-
tions. In recent years, low-dimensional Ge structures have received
significant attention because of their superior electrical and opti-
cal properties, which enable the fabrication of high-performance
devices including plasmonics,’ photodetectors,” * multi-junction
solar cells,”” lithium—ion batteries,”” and nano-optoelectronic
devices.!” To further enhance their performance, a variety of metals

the lack of synthetic methods for high quality Ge quantum dots.
Moreover, radial metal-semiconductor heterostructures are typically
unstable due to the strain induced by the large lattice mismatch. Such
0D metal-semiconductor heterostructures are rarely reported in the
literature.

The synthesis of Ag@Ge metal-semiconductor core-shell
heterostructures with highly controllable shell thickness via an
unconventional galvanic replacement reaction was reported.'®
Considering the different atomic radii and different crystal lattices
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(Ag is face-centered cubic and Ge is diamond cubic), strain is
expected at the Ag@Ge core-shell interface. Therefore, investigating
the thermal stability and strain relief mechanism of such 0D metal-
semiconductor heterostructures is vital to understand their for-
mation mechanism, optimize the synthesis condition, and prevent
mechanical failure in industrial applications.

The thermal history of a nanoparticle system contributes to
its morphology and structure. Consecutive heating via rapid ther-
mal annealing is a common technique to study the thermal stability
of nanomaterials. Traditional methods include heating powder in a
tube furnace or heating mantle, followed by characterization using
X-ray diffraction (XRD) to study the phase transformation condi-
tions. However, due to the high surface energy, the phase transition
temperature is highly dependent on the size and morphology of the
nanomaterial, which makes the precise determination of the phase
transition temperature for specific nanostructures extremely chal-
lenging. For example, the crystallization of amorphous Ge nanopar-
ticles investigated by in situ XRD was found to occur between 550
and 600 °C.!"” However, in situ TEM showed that above 480 °C,
small Ge nanoparticles (2-3 nm) become non-crystalline, while
nanoparticles greater than 5 nm remain crystalline.”

The thermal stability of a metal/semiconductor interface has
also been studied by many groups. For example, platinum (Pt) ther-
mal diffusion into a silicon (Si) nanowire to create a Pt-Si contact
has been reported.”’ However, such a diffusion process is highly
dependent on the homogeneity and quality of the nanowires and
is thus hard to reproduce.”” There is a large body of work examin-
ing metal induced crystallization of diamond cubic semiconductor
thin films, for example, in the recent work by Kryshtal et al,”
specific to the Ag-Ge system. The previous metal-induced crys-
tallization report suggests that a minimum amount of Ge, more
than what is present in the 2 nm Ge shell in this current work,
is required for such metal-induced transformation. In this current
work, the eutectic liquid required to sustain crystallization is not
present.

Compared to the traditional methods discussed earlier, in situ
TEM, as reported by Mongillo et al.,”* is another powerful tool to
study an all-solid-state reaction activated by conventional thermal
heating. Since the nanoparticles are permanently fixed on the sup-
porting carbon film of the TEM grid, it is possible to observe the
phase transition process of a single nanoparticle at high resolution.
Moreover, because the Ge nanoparticles are well separated from
each other by their surface ligands, the packing density can be easily
controlled by the concentration of nanoparticles. Mutual diffusion
and dispersion between adjacent nanoparticles can be prohibited
so that the all-solid-state interface diffusion process, as well as the
accompanying morphological changes, can be better studied. Many
of the observations in this work are specific to the proximity of a
thermally conductive support.

Here, real-time observations of the dynamic crystallization pro-
cess for both hollow and solid amorphous Ge nanoparticles obtained
through a combination of in situ sample heating and high-energy
electron beams by TEM are presented. In parallel, the thermal stabil-
ity and structural evolution of the Ag@Ge core-shell nanostructure
are revealed at the atomic level. By combining real-time struc-
tural imaging with elemental analysis, the transformation process
is shown to occur through the crystallization of the amorphous Ge
shell accompanied by surface segregation of Ag.

ARTICLE scitation.org/journalljcp

RESULTS AND DISCUSSION

Synthesis of amorphous Ge and Ag@Ge
core-shell nanoparticles

Galvanic replacement is a versatile strategy to prepare hol-
low metallic nanostructures by substituting one metal with another
metal with a higher reduction potential.”> While many synthetic
strategies have been explored to fine-tune the reaction kinetics, such
as introducing a competitive reducing agent or substituting the
metal precursor,z“’” solid and core-shell nanostructures via elec-
trical displacement are rarely reported due to the low energy barrier
and fast reaction rate even at 0 °C.""**

In contrast, by controlling the solubility and mobility of Ge
free ions via a combination of different organic ligands, temper-
ature, and precursor molar ratios, amorphous Ge nanoparticles
can be synthesized via galvanic replacement in high boiling-point
organic solvents.'® A detailed synthesis method is included in the
supplementary material. Figure 1 shows the high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) images of the as-synthesized amorphous Ge solids and
hollow nanoparticles. The average diameters of the solid and hollow
Ge nanoparticles are 7.3 + 0.4 nm and 9.3 + 0.4 nm, respectively. It
is worth noting that, since the electrochemical reaction of such gal-
vanic replacement is mostly localized within a single particle, the size
distribution of the final product cannot be effectively converged by
classical nucleation and growth theories, such as LaMer nucleation
theory®® and Ostwald ripening.’® Although the complete galvanic
replacement between Ag and Ge makes it feasible to produce pure
non-hollow Ge nanoparticles at a moderate reaction temperature,
prolonged local ion diffusion would cause the destruction of the
original particle morphology and form some random shapes, as
shown in the supplementary material, Fig. S1. Such random shapes
are not conducive to the orderly arrangement of nanoparticles when
drop-cast onto the TEM grid and introduce undesirable mutual dif-
fusion and dispersion between the adjacent nanoparticles. Since our
study focused on the single particle level, we chose the synthetic con-
ditions in order to obtain quasi-spherical Ge nanoparticles. These
synthetic conditions inevitably introduced some Ag-Ge core-shell
intermediate structures on the same TEM grid, which are visible in
the center particle of Fig. 1(a), which has a much brighter Ag core.

Structural and compositional characterizations
of Ag@Ge core-shell nanoparticles

A unique Ag@Ge core-shell nanostructure can be well-
separated as an intermediate by moderate synthesis temperature
and fast quenching. The annular bright-field and simultaneously
recorded HAADF-STEM images, as shown in Fig. 2, reveal that the
nanocrystals have a well-defined core—shell configuration with a dis-
tinct interface. The high brightness of the core is due to the high Z
nucleus (Z = 47) and the crystalline structure of the Ag; the Ge shell
has lower intensity scattering due to the lower Z (Z = 32) nucleus
and its amorphous structure. It is important to mention that, due to
the phase contrast nature of TEM mode, the amorphous Ge shell is
hardly visible at higher magnification, especially on a relatively thick
(15 nm) amorphous carbon support (an example is shown in the
supplementary material, Fig. S2), and thus all the HRTEM data in
this study were collected at a certain defocus value to increase the
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FIG. 1. HAADF-STEM images of the solid (a) and hollow (b) Ge nanoparticles.
The HAADF-STEM collection angle is 55 mrad. The much brighter spots in (a)
show a small amount of unreacted Ag core in the Ag@Ge intermediate due to
synthesis conditions, while the hollow Ge in (b) is the result of a complete galvanic
replacement reaction between Ag nanoparticles and Gel, at a much faster rate.
Size histogram of solid Ge (c) and hollow Ge (d) show the average diameters of the
solid and hollow Ge nanoparticles are 7.3 + 0.4 nm and 9.3 + 0.4 nm, respectively.

FIG. 2. Annular bright-field (ABF)-STEM and corresponding HAADF-STEM images
of Ag@Ge core—shell nanocrystals.

image contrast. To characterize the composition and elemental dis-
tribution of the nanoparticles, we carried out a detailed analysis by
energy dispersive spectrometry (EDS). As shown from the elemen-
tal maps in Fig. 3, the core area of the nanoparticle mainly shows
the signal of Ag, in line with the structural analysis. In contrast, the
shells are mainly composed of Ge. The corresponding EDS spec-
trum is shown in the supplementary material, Fig. $3, and a separate
EDS spectrum exclusively collected at the Ge shell area is shown in
the supplementary material, Fig. S4. The oxygen percentage is much
higher on the blank carbon support (O: Ge = 9:1) than on the Ge
shell region (1:2.4), indicating that the oxygen signal is more likely
to come from the TEM grid rather than the Ge shell.

ARTICLE scitation.org/journalljcp

FIG. 3. HAADF-STEM image and corresponding elemental maps of Ag and Ge
from their L and K edges, respectively.

In situ observation of the crystallization
of amorphous solid Ge nanoparticles

The crystallization of amorphous Ge nanoparticles was
observed during in situ heating TEM experiments with an anneal-
ing process aimed at mapping out the structural evolution during
the entire crystallization process and investigating the phase change
temperature. Convincing imaging of the Ge nanoparticles using
the TEM mode is challenging because the focus of the microscope
inevitably changes due to the thermal drift of the sample during
the in situ heating process in a conventional furnace-based heating
holder. As a result, resolution deteriorates due to drifting during
the image recording. To this end, the specimen was preheated to
a certain temperature, and then a focused electron beam induced
the crystallization and restructuring of the Ge nanoparticles. This
approach of using the 300 kV e-beam to both probe and modify the
particle allowed for the investigation of the crystallization of a single
amorphous Ge nanoparticle in situ and at the atomic scale. At room
temperature, the Ge nanoparticle was largely amorphous. The speci-
men was gradually heated to 385 °C until it started to show evidence
of crystallization, as shown in the first frame in Fig. 4. The electron
beam was blanked, and the temperature was maintained at 385 °C
until no thermal vibration of the specimen could be detected. Then
the beam was condensed to maintain a screen current of 6.24 nA and
a dose rate of 1.38 x 10° e/A”s resulting in the complete crystalliza-
tion of amorphous Ge within 5 min, as shown in Fig. 4. The top-left
corner of the amorphous Ge nanoparticle shows some lattice fringes
at time 00:00. Then, crystallization nucleated from the existing crys-
talline site, and after 5 min, the Ge nanoparticle transformed into a
crystalline nanoparticle. The whole series was collected with some
objective lens defocus to increase image contrast, and the movie
is provided in the supplementary material, Movie S1. Analysis of
the FFT image of the last frame (supplementary material, Fig. S5)
indicates a d-spacing of 0.33 nm for the 111 reflection of the dia-
mond cubic lattice of Ge, which agrees with the known value of
0.3266 nm. Notice that even though the whole specimen was main-
tained at 385 °C for about 1 h, the other Ge nanoparticles outside
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FIG. 4. In situ observation of crystallization of an amorphous solid Ge nanoparticle.

the viewing field remained amorphous. This indicates that the phase
transformation temperature for the nanoparticles on this support
was higher than 385 °C; however, the 300 kV electron beam pro-
vided the additional energy to induce the crystallization process.
After a further increase in temperature to 545 °C, all the amorphous
Ge nanoparticles were transformed into crystalline Ge without the
help of the electron beam. In addition, selected area electron diffrac-
tion (SAED) data were collected with an aperture defining a region
of interest with a diameter of about 1 ym during the crystallization
process, further confirming that the crystallization temperature was
above 385 °C, as shown in Fig. 5.

In situ observation of the crystallization
of amorphous hollow Ge

The same approach was applied to the amorphous hollow Ge
nanoparticles to study the crystallization process. Figure 6(a) shows
a typical bright-field TEM image of the as-synthesized hollow Ge
nanoparticles. After the heating started, the image drifted due to the
thermal expansion of the metallic TEM grid, as shown in Fig. 6(b).
After the temperature stabilized at 385 °C for about 1 h, the drift
was minimized, and a high-resolution TEM image of the hollow
Ge nanoparticles was obtained, as shown in Fig. 6(c). At 385 °C,

J. Chem. Phys. 158, 164704 (2023); doi: 10.1063/5.0144742
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FIG. 5. Selected area electron diffraction (SAED) pattern of the Ge nanoparticles
at (a) 25 °C, (b) 385 °C, and (c) 545 °C. The diffraction pattern of crystalline Ge
on the right was indexed to be (111), (220), (311), (400), (331), and (422) planes
of diamond cubic Ge.

the hollow Ge nanoparticles started the diffusion process, as indi-
cated by the change in morphology of the hollow Ge nanoparticles
over time as the Ge nanoparticles coalesce. However, the hollow
Ge nanoparticle appears to be amorphous, which further indicates
that the temperature is below the crystallization temperature. As the
temperature was increased further to 545 °C, the amorphous Ge
nanoparticles crystallized, as shown in Fig. 6(d). Clear lattice fringes
can be observed in the image. At this temperature, the Ge atoms
had gained enough energy to diffuse and reorganize into a more
thermally stable configuration, and in many cases, the pinhole of
the hollow Ge nanoparticles close to minimize the surface energy.
This results in the conversion of the hollow structure into a solid

FIG. 6. (a) TEM image of the synthesized hollow Ge nanoparticles. (b) TEM
recorded during the in sifu heating process; resolution is impacted by the ther-
mal drift of the sample. (c) The amorphous hollow Ge nanoparticles at 385 °C.
The inset is the diffraction pattern of the TEM image from a region of 1 ym in dia-
meter. (d) The hollow Ge nanoparticles show crystallization at 545 °C. The inset
is the corresponding FFT image.

ARTICLE scitation.orgljournalljcp
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FIG. 7. In situ observation of crystallization of amorphous hollow Ge nanoparti-
cles. TEM images of a single hollow Ge nanoparticle time-stamped at 00:00 (a)
and 02:30 (b) after the electron beam was initially turned on. The temperature
was maintained at 385 °C during the observation period. The FFTs correspond-
ing to the crystalline regions are shown as insets. (c) and (d) are the same TEM
images as (a) and (b), but with colored regions of amorphous hollow Ge (blue) and
crystalline Ge grains (red).

crystalline Ge nanoparticle. As a second example, Fig. 7 shows an
in situ observation of the partial crystallization of a single amor-
phous hollow Ge nanoparticle under the 300 kV electron beam
at 385 °C. Notice that the hollow shape was initially maintained,
and the crystallized area increased as more high-energy electrons
impinged on the nanoparticles. The expansion of the crystallized
area can be clearly seen in Figs. 7(c) and 7(d). The FFT confirms
the d-spacing of the Ge diamond cubic lattice.

In situ observation of the structural transformation
of Ag@Ge core-shell nanocrystals

To investigate the heat-induced metal-semiconductor redistri-
bution in the anisotropic hetero-nanostructure with high spatial
resolution and chemical sensitivity, a heating experiment was per-
formed using a MEMS-based in situ heating holder. The Ag@Ge
core—shell nanocrystals were drop-cast onto a copper TEM grid with
amorphous carbon support and then loaded on the heating chip of
a Protochips Fusion TEM holder. It was found that the core—shell
structure remained stable below 200 °C. No obvious changes were
observed except that in the temperature range of 100-150 °C, carbon
contamination accumulated during the imaging process because of
the interaction between the surfactant and the electron beam. The
carbon contamination became negligible when the temperature was
above 200 °C due to the decomposition of the surfactant. With a
heating rate of 5 °C/min, the temperature was increased to 385 °C,
as indicated in the previous experiment. Under an e-beam with a
screen current of 6.24 nA and a dose rate of 1.38 x 10° e/A’s, some
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FIG. 8. Time-series of in situ observation of the transformation of Ag@Ge core-shell nanoparticles at 385 °C. The bottom row shows the FFT of the first and last frames to

confirm the crystalline structure of the Ge and Ag domains.

5 nm &

FIG. 9. TEM images of the Ag—Ge Janus nanoparticles at 545 °C at low (a) and
high (b) resolution.

of the Ge shell was observed to crystallize, but the core-shell config-
uration remained stable. It was observed that the two different Ge
domains gradually diffused to the surface of the Ag core and merged
and reconstructed on the surface, forming a uniform crystalline Ge

layer that covered the Ag core with a sharp heterointerface between,
as shown in Fig. 8. It is also noted that, after the first 2 min, the
Ge shell remained amorphous. However, during the next 2 min, the
strong electron beam facilitated the formation of crystalline Ge.

In contrast, when the temperature was further increased to
545 °C, Ag@Ge core-shell nanoparticles were transformed into
Janus Ag-Ge nanoparticles with two distinct phases, as shown in
Fig. 9. This transformation is attributed to the high interface energy
between the core and the shell. The high energy of the Ag-Ge inter-
face compared with either the Ge or Ag surface is minimized in
this configuration, where the shared interface is nearly a straight
line. Figure 10 clearly shows such a transformation within a single
Ag@Ge core-shell nanoparticle. At 545 °C, the Ag atoms gained
enough energy to diffuse on the amorphous carbon support of the
TEM grid. Therefore, the core-shell nanostructures transformed
into Janus particles to minimize the interface between the Ag and
Ge domains and reduce the overall free energy. A video of the
transformation process is included in the supplementary material,
Movie S2.
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Typically, core-shell nanoparticles are synthesized based on the
atomic size, relative strengths of homonuclear bonds, and surface
energies of elements.”” In most cases, the smaller atomic size element
resides in the core, while the larger atomic-size element comprises
the shell due to steric constraints. However, once exposed to high
annealing temperatures, the surface energy dictates the diffusion of
the element either from the core or shell.*® Core-shell nanoparti-
cles from completely soluble solid systems such as Au-Pd*’ and
Co-Pt* are well studied and show that homogeneous structures
form after thermal annealing, while heterodimers or nanohybrid
structures are to be expected in bimetallic systems with immisci-
ble and lattice-mismatched elements due to interfacial strain min-
imization during thermal induction." " Our study shows that

ARTICLE
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metal-semiconductor core-shell nanostructures with even higher
interfacial strain transform from a well-defined core-shell nano-
structure into a heterodimer.

CONCLUSION

Using TEM, we have investigated the structure and phase
transformation of both amorphous Ge and Ag@Ge nanoparti-
cles. By holding the sample temperature below the crystallization
temperature for the Ge nanoparticles, we were able to use the
electron beam to initiate the crystallization slowly enough that
TEM images document the phase transformation. The thermal

FIG. 10. Time-series of in situ observation of the transformation of a single Ag@Ge core-shell nanoparticle into an Ag-Ge heterodimer at 545 °C. Ag domain and Ge
domain are color-coded in the first frame and last frame to show Ag diffusion to the edge of the core-shell nanoparticle. The corresponding FFT clearly shows the crystalline

planes of Ag in the first frame and both Ag and Ge in the last frame.

J. Chem. Phys. 158, 164704 (2023); doi: 10.1063/5.0144742
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Low temperature
e.g., ~385°C

High temperature
e.g.,,~545°C

behavior of Ag@Ge core-shell nanostructures was also explored
under similar heating and electron beam conditions. At a moderate
temperature, the amorphous Ge shell crystallized while maintain-
ing the core-shell nanostructure. Furthermore, heating enabled
the diffusive process of both Ag and Ge atoms leading to the
transformation of the core-shell nanostructure into a phase seg-
regated Ag-Ge Janus nanoparticle with a clear interface between
the Ag and Ge domains. The transformation process is summa-
rized in Fig. 11. The synergistic effect of heat and an electron beam
allows for imaging of the thermal stability and strain relief mech-
anism of complex nanostructures with high surface tension and
lattice strains at the single nanoparticle level with high resolution.
This method could be adapted to study other nanostructures such
as metal alloys, metal-semiconductor hetero nanostructures, and
doped nanomaterials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the dynamic process in
Fig. 4 (Movie S1) and Fig. 10 (Movie S2) (avi). Materials and Meth-
ods, a TEM image of Ge nanoparticles synthesized at 150 °C, a
series of TEM images of Ge nanoparticles recorded at different
magnifications and defocus values, EDS spectra from Fig. 3, and the
last TEM frame of Fig. 4 (PDF).
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nanoparticle, as shown on the bottom
panel.
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