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Ge/GeO; core/shell nanoparticle confined in ultrathin Al,O; thin
film by surface oxidation*
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The influence of strain distribution on morphology evolution of Ge/GeO; core/shell nanoparticle confined in ultrathin
Al,O3 thin film by surface oxidation is investigated. A finite-element simulation is performed to simulate the morphology
evolution of the confined Ge/GeO; core/shell nanoparticle under the influence of the local strain distribution. It indicates
that the resultant oxidation-related morphology of Ge/GeO, core/shell nanoparticle confined in ultrathin film is strongly
dependent on the local strain distribution. On the other hand, the strain gradients applied on the confined GeO, shell can
be modified by the formation of polycrystalline GeO, shell, which has potential application in tailoring the microstructure

and morphology evolution of the Ge/GeO, core/shell nanoparticle.
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1. Introduction

Recently, group-IV semiconductor nanoparticles con-
fined in thin films have received increasing attention due
to their unique optical properties and potential applica-

(1.2] and electronic memory

tions for Si-based optoelectronic
devices.[>*] However, a substantial strain can be induced for
the nanoparticles confined in a host matrix.>®! This strain

(781 and

has a pronounced influence on the microstructure
morphology!®!%! of nanoparticles, leading to various physi-
cal properties of the nanoparticles.!'’:'? On the other hand,
with the device scaling down, when the size of the confined
nanoparticle and the thickness of the host thin films are of the
same order of magnitude, it can be easy for nanoparticles to be
deformed by the applied compressive strain, which also has a
significant influence on the properties of nanoparticles. 1013
Moreover, the properties of nanomaterials such as opti-
cal and electrical properties, mechanical stability, and phase-
transition mechanics, can be designed by manipulating size,
shape, structure, etc.[12:14-16] 1y particular, nanoparticle het-
erostructures are an emerging subclass of nanomaterials where
two or more chemically distinct components are brought
together.!'”) For example, a core-shell nanoparticle can ex-
pand single-component nanoparticles to hybrid nanostructures
with discrete domains of different materials arranged in a con-
trolled fashion, resulting in integrated functionalities. Further-
more, with the dimension and material parameters of individ-
ual component optimized independently, even entirely novel
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properties via the coupling between different components can
be found. In view of the scientific importance of the core-shell
nanoparticles, it is not surprising that a wide variety of ap-
proaches for their synthesis have been reported.!'3-2!1 Specif-
ically, the surface oxidation method has attracted much at-
tention because it can be utilized as a simplistic route to ob-
tain core/shell nanostructures. 2223 However, the understand-
ing on the mechanisms and kinetics of morphology evolution
of confined core/shell nanoparticles formed by surface oxida-
tion method is still very limited. Therefore, there is a strong
motivation to pursue theoretical calculation approaches to in-
vestigate the morphology evolution mechanism of core/shell
nanoparticles confined in ultra-thin films.

Our previous research work has demonstrated that a sub-
stantial compressive strain can be induced during the growth
process of nanoparticles confined in a host matrix. The strain
can change the bond lengths and induce a structural phase
transition of confined nanoparticles,!®!%1? tailoring the op-

1241 For the core/shell nanostruc-

tical properties significantly.
ture, the passivation effect of GeO; shell can dramatically re-
duce the surface state density on the surface of the Ge core.
In contrast, confined growth at the nanoscale may introduce

25,26

substantial strain field,>>?%) leading to extra strain-relaxing

surface states at the heterostructure interface. In this pa-
per, Ge/GeO, core/shell nanoparticles confined in ultrathin
Al,O3 thin film are used as a typical material structure system

to study the influence of the strain distribution on the mor-
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phology evolution. A finite-element (FE) simulation is per-
formed to simulate the morphology evolution of the confined
Ge/GeO; core/shell nanoparticles under the influence of the
local strain distribution. This indicates that the strain can be
relaxed greatly through the disordered areas at cracks in the
GeO; shell. Thus, the applied strain by the matrix has no sig-
nificant influence on the microstructure of Ge/GeO, core/shell
nanoparticles. It has been found that the resultant oxidation-
related morphology of Ge/GeO, core/shell nanoparticles con-
fined in ultrathin film is strongly dependent on the microstruc-
ture of a GeO; shell.

2. Simulation

FE calculation is a versatile computer simulation tech-
nique that is used for continuum modeling of deformation
in materials.['®] The simulations account for many materials’
properties, including elastic anisotropy, thermal expansion,
and an object’s three-dimensional shape. Therefore, in order to
investigate the influence of strain on the morphology evolution
of confined core/shell nanoparticles, an FE simulation is per-
formed to simulate the morphology evolution and the dynamic
strain distribution of Ge/GeO; core/shell nanoparticle in ultra-
thin Al,O3 film formed by the surface oxidation method. In
the simulation, the FE model for the strain generation is based
upon the following assumptions: a spherical, linear-elastic
Ge/GeO; core-shell nanoparticle is confined in isotropic and
linear elastic Al,O3 matrix. During the surface oxidation pro-
cess, oxygen atoms from either the atmosphere or from the in-
ternal diffusive migration within the film contribute to further
formation of the GeO; structures, leading to volume expansion
of Ge/GeO; core shell nanoparticle. Assuming that the Al,O3
matrix cavity is small enough, the compressive strain on the
Ge/GeO; core/shell nanoparticle can be induced by the volu-
metric difference, which may arise from the matrix atoms, not
being able to move rapidly enough to accommodate the grow-
ing Ge/GeO; core/shell nanoparticle. The strain distributions
are changed with the thermal expansion mismatch due to the
growth of the Ge/GeO; core/shell nanoparticle. Since the size
of Ge/GeO; core/shell nanoparticle and the thickness of the
ultrathin Al,O3 film are of the same order of magnitude, in
the FE calculation, the Al,O3; matrix is considered to be infi-

nite in the lateral side and bottom directions of the Ge/GeO,
core/shell nanoparticle, while the Al,O3 matrix is finite in the
top direction of Ge/GeO, core/shell nanoparticle. Therefore,
in our model, fixed displacement boundary conditions are im-
posed at the lateral side and the bottom surface, while the top
surface is allowed to expand freely. In this paper, we simu-
late the surface oxidation process of the Ge/GeO, core/shell
nanoparticle. At the beginning stage, the size of Ge core and
the thickness of GeO, shell is 8 nm and 2 nm, respectively.
During the growth process, the Ge core shrinks while the sur-
rounding GeO, shell becomes thicker. The size of Ge core
decreases to 6 nm and 4 nm, while the thickness of GeO, shell
increases to 4 nm and 6 nm. The Young’s moduli are 103,
43.3, and 360 GPa for Ge, GeO,, and Al,O3, while the Pois-
son’s ratio are taken to be 0.26, 0.28, and 0.24 for Ge, GeO,,
and Al,O3, respectively.

3. Results and discussion

Figure 1 shows the cross-sectional strain distributions of
confined Ge/GeO, core/shell nanoparticle at different surface
oxidation stages. The colors and figures represent strain inten-
sity and strain value, respectively. Obviously, the compressive
strain is applied on the Ge/GeQO, core/shell nanoparticle by
the Al,O3 matrix because of the volume expansion by surface
oxidation. During the surface oxidation, the Ge core shrinks
while the surrounding GeO, shell becomes thicker. The sim-
ulation results indicate that the Ge core experiences homoge-
neous stain, while the strain applied in the GeO, shell dis-
tributes inhomogeneously and the strain intensity gradually in-
creases. It should also be noted that the compressive strain ap-
plied at the bottom surface of the GeO, shell is stronger than
that at the top surface, which can be due to the fact that some
strain can be relaxed through the expansion of the Al,O3 ma-
trix above the Ge/GeO, core/shell nanoparticle when they are
very close to the Al,O3 film surface. Moreover, with the sur-
rounding GeO; shell being thicker, it can be found that the
strain intensity gradually increases and the strain energy tends
to increase. Strain gradients induced in the confined GeO,
shell during the oxidation can have a significant influence on

the morphology evolution of Ge/GeO; core/shell nanoparticle.
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Fig. 1. (color online) Cross-sectional strain distributions of confined Ge/GeO, core/shell nanoparticle at different surface oxidation

stages: (a) the original stage, (b) the middle stage, (c) the later stage.
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Figure 2 presents the simulated morphology evolution
of the cross-sectional morphologies of a confined Ge/GeO,
core/shell nanoparticle at different oxidation stages with the
strain influences taking into account. In these simulations, it
has been found that during the surface oxidation, even the Ge
core shrinks, and the shape of Ge core still remains spheri-
cal. In contrast, the surrounding GeO; shell becomes thicker

and the shape of GeO; shell has been deformed into an ellip-
soid, which can be due to the fact that a part of strain is relaxed
through the expansion of the Al,O3 matrix above the Ge/GeO,
core/shell nanoparticle when they are very close to the Al,O3

film surface. Finally, an ellipsoidal GeO, nanoparticle can be

formed due to the surface oxidation.

Fig. 2. (color online) Simulated evolution of the cross-sectional morphologies of a confined Ge/GeO, core/shell nanoparticle at
different oxidation stages: (a) the original stage, (b) the middle stage, (c) the later stage.

On the other hand, the strain gradients in the confined
GeO; shell during the oxidation can be modified by the mi-
crostructure of the Ge/GeO, core/shell nanoparticle, which
Therefore, the
strain distributions of confined Ge/GeO, core/shell nanopar-

can also tune the morphology evolution.

ticle with polycrystalline GeO, shell have to be analyzed.
Figure 3 presents the cross-sectional strain distributions of
confined Ge/GeO; core/shell nanoparticle with polycrystalline
GeO, shell at different surface oxidation stages. Obviously, it
can be found that the strain gradients applied on the polycrys-

talline GeO; shell are much less than that at GeO; shell in
Fig. 1. The compressive strain applied on the polycrystalline
GeO; shell is also much weaker than that at the GeO, shell
in Fig. 1. The weakened compressive strain indicates that the
strain has been relaxed due to the appearance of the disorder
areas at the boundaries of GeO; nanocrystallites. Correspond-
ingly, this modified strain can have a different influence on
the morphology evolution of Ge/GeO, core/shell nanoparticle

from that shown in Fig. 2.
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Fig. 3. (color online) Cross-sectional strain distributions of confined Ge/GeO, core/shell nanoparticle with polycrystalline GeO, shell
at different surface oxidation stages: (a) the original stage, (b) the middle stage, (c) the later stage.

Figure 4 illustrates the simulated evolution of the cross-
sectional morphologies of a confined Ge/GeO, core/shell
nanoparticle with polycrystalline GeO, shell at different ox-
idation stages with the strain influences taking into account. It
can be found that, during the surface oxidation, the shape of
confined Ge/GeO; core/shell nanoparticle still remains spher-

ical, and even the Ge core shrinks and the surrounding GeO,
shell becomes thicker, leading to no observable deformation in
the Ge/GeO; core/shell nanoparticle as shown in Fig. 4. The
simulated results are consistent with our previous experimen-

[23

tal results.!?*! Finally, at the last oxidation stage, a spherical

GeO, nanoparticle can be formed.

Fig. 4. (color online) Simulated evolution of the cross-sectional morphologies of a confined Ge/GeO, core/shell nanoparticle with
polycrystalline GeO, shell at different oxidation stages: (a) the original stage, (b) the middle stage, (c) the later stage.
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4. Conclusion

An FE simulation is performed to simulate the morphol-
ogy evolution of Ge/GeO, core/shell nanoparticles confined
in ultrathin Al, O3 thin film under the influence of the local
strain distribution. This indicates that the resultant oxidation-
related morphology of Ge/GeQ, core/shell nanoparticle con-
fined in ultrathin film is strongly dependent on the microstruc-
ture of the GeO, shell. The strain gradients applied on the
confined GeO; shell can facilitate the deformation of GeO,
shell and the formation of polycrystalline GeO; shell, tailoring
the microstructure and morphology evolution of the Ge/GeO,
core/shell nanoparticle.
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