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ABSTRACT: In-depth research on structural transformations
induced by electron beam will be helpful for the design and
manufacture of nanostructures. The nucleation and growth
mechanism of CdO nanocrystals on CdS matrix was studied through
in situ transmission electron microscopy observation. The results of
energy dispersive spectrum reveal the electron beam induced
surface oxidation of CdS. CdO nanocrystals nucleate through a non-
classical two-step nucleation path on CdS surface. Amorphous
cluster forms first as the intermediate phase in the two-step
nucleation of CdO nanocrystals. Then unstable crystal nucleus is
formed in the amorphous phase, accompanied by reversible
disorder—order transitions. After absorbing the amorphous phase
and rapidly growing, the CdO nucleus grows through the classic
layer-by-layer growth mechanism. Furthermore, six nonequivalent : , : : —
heterojunction interface orientation relationships between CdO R~ 1% Y 2065
nanocrystals and CdS matrix were deeply analyzed. This work demonstrates potential application prospects for atomic
manufacturing and interface control of semiconductor heterojunction.
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crystal nucleus grows by building new facets on surface [11, 12]. As
a supplement to classical theory, non-classical theory aims to
explain crystallization behaviors beyond classical category. Non-
classical nucleation often involves intermediate phases, such as pre-
nucleation clusters, primary particles, and amorphous phase, while

1 Introduction

With the widespread use of nanocrystals in scientific research fields
such as photocatalysis, photonics devices, and drug preparations
[1-5], the study on nucleation and growth mechanism of

nanocrystals is receiving increasing attention. Factors such as crystal
size, crystal structure, defect concentration, and heterojunction
interface, which significantly affect material properties, are
determined by the crystal nucleation and growth process [6-10].
Usually, nucleation and growth theories of crystals can be divided
into two categories: classical theory and non-classical theory. In
classical theory, a crystal nucleus is formed by the aggregation of
monomers (atoms, ions, or molecules) in space and remains stable
after its free energy exceeds the nucleation energy barrier, then the
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non-classical growth mainly involves the oriented attachment and
fusion between crystal nuclei [12-15]. Up to now, non-classical
crystallization has shown broad application potential in functional
materials, energy materials, pharmaceutics, and medicine
fields [13].

Two-step nucleation is a common non-classical nucleation
method. The main feature of this nucleation method is the
formation of an intermediate phase (mostly amorphous phase) first,
followed by further nucleation in the intermediate phase [12-14].
Currently, many studies focus on two-step nucleation of organic
molecules in liquid phase [16-20]. In fact, two-step nucleation also
exists in solid-phase inorganic materials, such as two-step
nucleation of amorphous iron oxides under heating condition [21],
two-step nucleation of metal crystal nucleus in single-walled carbon
nanotubes [22], and two-step nucleation of Bi particles on two
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matrices [23]. The study of two-step nucleation in solid-state
inorganic materials (especially on the surface and interface) will
promote the further development of two-step nucleation theory.

The electron beam in transmission electron microscopy (TEM)
can induce some structural transformations, such as phase
transition [24], nanopore formation [25], nanowire growth [26],
and crystallization of amorphous nanoparticles [27]. Besides these,
electron beam induced surface oxidation of metals and
semiconductors is also a current research focus. Examples include
electron beam induced oxidation of Ag [28] and in situ growth of
In,O; nanocrystals on In,S; nanosheets [29]. Thus, the electron
beam is an effective and promising tool for manufacturing and
controlling nanostructures [30]. Considering the significant effect of
nanostructure on material properties, the research focused on
electron beam induced structure evolution is of great scientific
promise.

As a typical II-VI group compound with great photoelectric
properties, CdS is commonly used to construct photocatalysts and
semiconductor devices [31, 32]. Loading CdO nanocrystals on CdS
matrix is an effective method to improve photoelectric performance
[33-35]. Interestingly, electron beam can induce direct growth of
CdO nanocrystals on the surface of CdS. In 2016, Huang et al.
observed electron beam induced surface oxidation of CdS nanobelt
to form CdO nanocrystals through high-resolution TEM
(HRTEM). And they found that carbon deposition and heating can
inhibit the oxidation process of CdS nanobelt [36]. However, the
nucleation and growth mechanism of CdO nanocrystals based on
surface oxidation remains a mystery. Assisting in the design and
regulation of CdO/CdS nano-heterojunction materials requires in-
depth research on the crystallization process of CdO.

Herein, we investigated the nucleation and growth of CdO
nanocrystals during electron beam induced surface oxidation of
CdS nanowires. The electron beam induced surface oxidation of
CdS was revealed through long-term electron beam irradiation
experiment. By analyzing the HRTEM images and movies captured
in the electron beam irradiation experiment, we proposed the two-
step nucleation model of CdO nanocrystals, and studied six
nonequivalent heterojunction interface orientation relationships
between CdO nanocrystals and CdS matrix. This work is beneficial
for manufacturing of nano materials and structural design of
heterojunction devices.

2 Experimental

CdS nanowires were prepared according to the method described
in our previous work [37]. X-ray diffractometer (XRD, PANalytical
Empyrean) was used to characterize the crystal structure of CdS
nanowires. The morphology images of the initial CdS nanowires
were captured using scanning electron microscopy (SEM, SU-
5000), and the crystal lattice images were captured using HRTEM
(JEM-2100Plus). In addition, energy dispersive spectrum (EDS) was
used to capture the element mapping images. In the electron beam
irradiation experiment, the CdS nanowires were exposed to an
electron beam with an accelerating voltage of 200 kV and a current
density of 4.8 A/cm’ Under the electron beam irradiation, the
HRTEM images and movies of CdS nanowires were captured by
the charge-coupled device (CCD) camera. In long-term electron
beam irradiation experiment, the CdS nanowires were exposed to
the constant electron beam irradiation for a total of 20 min, with
element content measured every 2 min using EDS. And selected
area electron diffraction (SAED) patterns of the initial and final CdS
nanowires were captured in this experiment.
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3 Results and discussion

As shown in the XRD spectrum (Fig. S1 in the Electronic
Supplementary Material (ESM)), the characteristic diffraction peaks
completely correspond to the wurtzite (WZ) phase CdS (JCPDS
Card No. 41-1049), and sharp diffraction peaks indicate good
crystallinity of prepared CdS nanowires. The SEM images (Fig. S2
in the ESM) show the morphology of CdS nanowires, which are
elongated crystals with the length typically exceeding 1 pm and the
width of 40-50 nm. Then, the CdS nanowires were observed using
TEM at a low electron irradiation dose to ensure minimal damage
from electron beam irradiation. As shown in Fig. 1(a), the CdS
nanowires exhibit elongated strip-like morphology and are
aggregated into a bunch. The long strip structure of CdS nanowires
makes them vulnerable to stress and bending, which results in
structural bending and the generation of interference fringes. Figure
1(b) shows the HRTEM of a single CdS nanowire, indicating the
[0001] crystal orientation of WZ CdS. Figure S3 in the ESM shows
the HRTEM image of CdS surface with clean and intact surface
lattice. Figure 1(c) is a zoom-in image of the boxed area in Fig. 1(b),
which clearly shows the (1010) crystal plane with the lattice spacing
of 3.60 A and the (0002) crystal plane with the lattice spacing of
337 A of the WZ CdS matrix. Figure 1(d) is the fast Fourier
transform (FFT) pattern of Fig. 1(c), which correspond well to WZ
CdS in the [1210] zone axis direction. Figure 1(e) shows the
scanning transmission electron microscopy (STEM) image of CdS
nanowires, and Figs. 1(f)-1(h) show the corresponding EDS
element mapping images. Cd and S are uniformly distributed on
the nanowires, and their contents are close to 1:1 (shown in Fig. $4
in the ESM). The small amount of O signal (relative content is
1.9%, as shown in Fig. 54 in the ESM) is believed to originate from
the O species adsorbed on the surface of CdS [36]. Based on above
results, the CdS nanowires prepared in this paper are slender single
crystals with WZ structure, having certain O species adsorbed on
their surface.

During TEM observation, the morphology of CdS nanowires

‘ » 5, 0002
., WzCds  [1210]

Figure1 (a) TEM image of CdS nanowires. (b) HRTEM image of single CdS
nanowire corresponding to the boxed area in (a). (c) Zoom-in image of the boxed
area in (b) showing the crystal lattice of WZ CdS. (d) The FFT pattern of the WZ
CdS lattice. (¢) STEM image of CdS nanowires and (f)-(h) corresponding EDS
element mapping images of Cd, S,and O.
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underwent structural evolution with electron beam irradiation.
Three HRTEM movies (Movies S1-S3 in the ESM) were taken
under the electron beam irradiation with an accelerating voltage of
200 kV and a current density of 4.8 A/cm’ to analyze the structural
evolution of CdS nanowires. Several images from Movie S1 in the
ESM are shown in Fig. 2. Initially, the surface of the CdS nanowire
is almost flat as shown in Fig. 2(a). After 25 s electron beam
irradiation (Fig. 2(b)), significant protrusions (marked by arrows)
appear at the surface of CdS. After 36 s electron beam irradiation
(Fig. 2(c)), some new crystal nuclei form at the protrusions. After
51 s electron beam irradiation (Fig. 2(d)), these crystal nuclei
further grow to form nanocrystals (marked by arrows). Rate of this
structural evolution is positively correlated with the current
intensity of electron beam (shown in Fig. S5 in the ESM), which
means these processes are induced by electron beam.

Figures 2(e)-2(h) are zoom-in images of the corresponding
marked areas in Figs. 2(a)-2(d). Figure 2(e) shows a zoom-in image
of the boxed area in Fig. 2(a), in which a small amount of
amorphous phase on the surface of CdS can be observed. Then in
Fig. 2(f), an amorphous cluster forms on the surface of CdS. After a
certain period of irradiation, new crystal nucleus appears in the
amorphous cluster in Fig. 2(g). And in Fig. 2(h), this crystal nucleus
grows into a nanocrystal, which can be identified as a CdO
nanocrystal with rock salt (RS) structure based on its clear lattice.
The dissociation energy of CdO is higher than that of CdS [38],
which makes CdO more stable under electron beam irradiation and
conducive to its formation. The lattice spacing of 2.34 A
corresponds to (002) crystal plane of RS CdO and the lattice
spacing of 2.70 A corresponds to (111) crystal plane of RS CdO.
This CdO nanocrystal is labeled as NC-1. Figure 2(i) is the FFT
pattern of NC-1, which corresponds well to RS CdO in the [110]
zone axis direction.

To investigate the effect of long-term electron beam irradiation
on CdS nanowires, some CdS nanowires were irradiated by
electron beam for 20 min. Figures 3(a)-3(d) show the TEM images
of CdS nanowires during the long-term electron beam irradiation.
Initial CdS nanowires in Fig. 3(a) have smooth surface. As the
irradiation time increases, the deformation of the nanowires
becomes increasingly severe. After 4 min electron beam irradiation

(Fig. 3(b)), many CdO nanocrystals appear on the surface of CdS
nanowires. As the irradiation time increases, CdO nanocrystals will
further grow along the CdS surface, and adjacent CdO nanocrystals
will contact each other and form a grain boundary (as shown in Fig.
S6 in the ESM). In Fig. S7 in the ESM, due to the misorientation in
the crystal orientation (about 9.8° in Fig. S7(c) in the ESM) of
adjacent CdO nanocrystals, their lattices cannot be completely
aligned, resulting in the formation of the low angle grain boundary
between them. The morphology of CdS nanowires with CdO
polycrystalline layer formed on the surface is shown in Fig. 3(c).
Then the thickness of the CdO polycrystalline layer continues to
increase (Fig. 3(d)). Meanwhile, some holes will form between the
CdO nanocrystals and CdS matrix, disrupting the CdO/CdS nano-
heterostructure (as shown in Fig. S8 in the ESM). Figure 3(e) shows
the SAED image of initial CdS nanowires. Due to the highly
uniform crystal orientation of the aggregated CdS nanowires, the
diffraction lattice of WZ CdS in the [1210] zone axis direction is
clearly observed in Fig. 3(e). In Fig. 3(f), the RS CdO diffraction
rings can be observed after long-term electron beam irradiation,
while the diffraction lattice of WZ CdS still exists. The relative
element content of nanowires with different irradiation times was
measured by EDS in the long-term electron beam irradiation
experiment. As shown in the EDS spectrum (Fig. 3(g)), the peak of
element O (marked by black box) increases with the increase of
irradiation time, and the peak of element S (marked by black box)
decreases with the increase of irradiation time. The peak of Cd
element remains almost unchanged. The peak of Cu element comes
from the microgrid and its intensity remains unchanged during
irradiation. Also, the weak peak of C element originates from the
carbon film on the microgrid. Figure 3(h) shows the relative atomic
content percentage of Cd, S, and O during the electron beam
irradiation. The relative atomic content percentage of O increases
with the increase of irradiation time, while the relative atomic
content percentage of S decreases with the increase of irradiation
time. The relative atomic content percentage of Cd is basically
stable, and its slight changes are mainly due to the fluctuation of the
total atomic number of these three elements during the irradiation
experiment. EDS analysis results indicate the atomic exchange
between CdS nanowires and the vacuum within the TEM. The
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surface under the electron beam irradiation. (e)-(h) Zoom-in images of

the corresponding marked areas show the WZ CdS surface, amorphous cluster, crystal nucleus, and RS CdO nanocrystal. (i) FFT pattern of the RS CdO nanocrystal.
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S atoms on the CdS surface escape into the vacuum, while the O
species in the vacuum adsorb onto the CdS surface and are fixed in
the form of CdO nanocrystals under the action of electron beam
irradiation. The O species initially adsorbed on the surface of CdS
will participate in the early nucleation process. In addition,
excessive oxidation severely damages the surface structure of
nanowires, thus study on the formation mechanism of CdO
nanocrystals is necessary for the regulating of oxidation process.
Sequential HRTEM images from Movie S2 in the ESM
demonstrate the nucleation and growth process of a CdO
nanocrystal. Figure 4(a) shows the CdS surface (colored in green)
recorded in the first second, with a small amount of amorphous
phase (colored in blue) adsorption. The small amount of
amorphous phase on the surface is due to low-dose electron beam
irradiation on CdS nanowires before the photography. The surface
lattice of the initial CdS nanowire is clean and intact (as shown in
Fig. S3 in the ESM). At 97 s (Fig. 4(b)), the amorphous phase
slightly increases and aggregates to form a cluster. At 192 s (Fig.
4(c)), the amorphous phase grows into a cluster approximately
1.5 nm thick and 5 nm long. At 206 s (Fig. 4(d)), a crystal nucleus
of RS CdO (colored in red) appears in the amorphous cluster. Over
time, the crystalline phase grows in the amorphous phase (shown in
Fig. 4(e)). Until 286 s (Fig. 4(f)), most of the amorphous phase
transforms into crystalline phase. The CdO nanocrystal shown in
Fig. 4(f) is labeled as NC-2. An additional movie (Movie $4 in the
ESM) depicts the formation process of NC-2. Clearly, amorphous
clusters serve as the intermediate phase in the nucleation of CdO
nanocrystals. This nucleation process can be classified as two-step
nucleation, a non-classical nucleation path [13, 14]. Similar two-
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step nucleation mechanisms were found in the nucleation processes
of Ni nanocrystals and Bi nanocrystals [23, 39, 40]. An undeniable
aspect is the decomposition of CdS matrix. As shown in Fig. S9 in
the ESM, the decomposition of CdS leads to the formation and
evolution of surface atomic steps. Surface atomic steps can form
various defect structures during the evolution process, which serve
as nucleation sites for CdO nanocrystals and affect their nucleation
process. Upon continuous irradiation, the CdS matrix continuously
decomposes from the surface, resulting in the formation of
defective structures. In Fig. S10 in the ESM, sequential HRTEM
images from Movie S2 in the ESM and corresponding filtering
images show the decomposition of CdS surface. Additionally, the
CdO nanocrystal in the Fig. 4(f) has a slight curvature, which can be
attributed to the stress generated by interface lattice mismatch, such
as the atomic step (marked by white line) at the interface between
the CdO nanocrystal and the CdS matrix.

Based on the above analysis results, atomic models for the
nucleation and growth of CdO nanocrystals on the CdS surface
induced by electron beam are established (Fig. 4(g)). The surface S
vacancies have the smallest formation energy [41], which makes it
easy for surface S atoms to sputter into vacuum under electron
beam irradiation. After the electron beam begins to irradiate the
sample, CdS is subjected to knock-on damage under the irradiation
of the electron beam, and the S atoms in its surface lattice are
ejected into vacuum, while O spacies (using O, as an example)
adsorb onto the surface of CdS and form chemical bonds with
excess Cd atoms. Driven by electron beam irradiation, disordered O
atoms and Cd atoms on the surface of CdS migrate and
agglomerate to form an amorphous cluster, thereby reducing
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Figure4 (a)-(c) Sequential HRTEM images show the amorphous phase (colored in blue) aggregation to form a cluster on the WZ CdS surface (colored in green).
(d)-(f) Sequential HRTEM images show the growth of the RS CdO crystal nucleus (colored in red). (g) Schematic showing the nucleation and growth of RS CdO

nanocrystal.

surface energy. Cd atoms mainly migrate through interstitial
diffusion in the lattice and eventually come to the surface to
participate in the formation of CdO nanocrystals [42]. Electron
beam irradiation induces ordered arrangement of atoms in
amorphous cluster to form a RS CdO crystal nucleus. Then the
CdO crystal nucleus converts amorphous cluster into a CdO
nanocrystal.

Figure 5 shows the further analysis results of crystallization
process of the CdO nanocrystal (NC-2). As shown in Fig. 5(a), the
CdO crystal nucleus undergoes reversible disorder—order
transitions in the early crystal nucleation stage. From 200 to 206 s, a
crystal nucleus forms in the amorphous phase. From 206 to 210 s,
the crystallization area reduces in size. From 210 to 216 s, the CdO
crystal nucleus grows larger. At 218 s, the CdO crystal nucleus
disappears. Then at 225 s, the amorphous phase crystallizes again.
Similar phenomena have been reported in nucleation of Au
nanocrystals and Bi nanocrystals [23, 43]. The reversible
disorder—order transitions are due to the high nucleation free
energy of the CdO crystal nucleus in the early nucleation stage. The
formation of CdO nuclei in the amorphous phase is a result of
heterogeneous nucleation. The defects on the interface play an
important role as nucleation sites in the nucleation process of CdO
nanocrystals. Figure 5(b) shows the layer-by-layer growth of the
CdO nanocrystal. At 241 s, the CdO nanocrystal has six (002)
planes and a growing half plane. After the formation of new crystal
plane, the CdO nanocrystal has seven (002) planes at 250 s. Then at
262 s, a new half plane appears on the top of the CdO nanocrystal.
Therefore, the CdO nanocrystal is believed to grow via the classic
layer-by-layer growth mechanism after nucleation, with the (002)
plane as the predominant growth facet.

Figure 5(c) shows the function curve of CdO crystal size
variation with irradiation time. Based on this function curve and
Movie S4 in the ESM, the nucleation and growth of the CdO
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nanocrystal can be divided into four stages. In stage I, amorphous
phase aggregates to form a cluster on CdS surface. In stage II, a tiny
CdO crystal nucleus forms in the amorphous cluster. At this stage,
the crystal size of CdO nuclei fluctuates significantly. In stage III,
the CdO crystal nucleus grows rapidly by absorbing amorphous
phase. In stage IV, most of the amorphous phase disappear while
the growth rate of CdO nanocrystal slows down. Figure 5(d) shows
the time-labeled contours of the CdO nanocrystal from 206 to
303 s. In the crystal nucleation stage, CdO nanocrystal underwent a
small angle rotation to form stable contact with the CdS surface. As
show in Fig. S11 in the ESM, the CdS nanocrystal rotated by
approximately 8.0° from 206 to 247 s. Furthermore, as shown in
Fig. S11(f) in the ESM, the crystal orientation of this CdO
nanocrystal fluctuates significantly from 206 to 228 s
(corresponding to stage II), while it fluctuates slightly from 235 to
251 s (corresponding to stage III). This result also indicates that
stage II is an unstable nucleation stage. Figure S12 in the ESM
shows the crystal growth curve of NC-1, which is similar to that of
NC-2 (as shown in Fig. 5(c)). This indicates that the growth mode
of NC-2 is not accidental In addition, the CdO nucleus
approximates a square shape in the early stage of nucleation, but it
assumes a rectangular shape as it grows. This means that the CdO
nanocrystal grows mainly in the [001]cyo direction rather than in
the [100]c4o direction, even though these two directions are
equivalent to the CdO nanocrystal in crystallography. This growth
tendency is likely due to the difficulty of Cd atoms migrating to
areas far from CdS surface.

Except for NC-1 and NC-2, Fig. 6 shows the two-step nucleation
and oriented growth of four CdO nanocrystals with different crystal
orientations on CdS surface. Figure 6(a) originates from Movie S2
in the ESM and Figs. 6(b)-6(d) originate from Movie S3 in the
ESM. In Fig. 6(a), the amorphous cluster forms on the atomic slope
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Figure5 (a) Sequential HRTEM images show the reversible disorder-order transitions in the early crystal nucleation stage. (b) Sequential HRTEM images show the
layer-by-layer growth of CdO nanocrystal. (c) Crystal size of the CdO nanocrystal (NC-2) as the function of the irradiation time. (d) Time-labeled contours of the CdO
nanocrystal.

Figure6 HRTEM images show the nucleation and growth of RS CdO nanocrystals: (a) NC-3, (b) NC-4, (c) NC-5, and (d) NC-6.

of CdS surface, then it undergoes crystallization to form a CdO (1011)c4s plane. Note that the main crystal planes ({002} plane, {111}
nanocrystal (labeled as NC-3), while (200)c4o plane is parallel to plane, and {220} plane) of NC-3 and NC-4 are not parallel to the
(1011)cgs plane. In Fig. 6(b), the amorphous cluster forms at a (1010)¢gs plane. Due to the decomposition of CdS matrix, the
concave defect of CdS matrix, then it transforms into a CdO {10T1}cys planes appear on the surface of CdS through the
nanocrystal (labeled as NC-4), while (111)c4o plane is parallel to formation and evolution of surface atomic steps. {1011}y planes in
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Figs. 6(a) and 6(b) are in direct contact with amorphous clusters,
which leads to the oriented growth of CdO nanocrystals along the
{1011}4s plane. The amorphous clusters in Figs. 6(c) and 6(d) also
form at concave defects of CdS matrix, and they transform into
CdO nanocrystals with different crystal orientations on CdS surface.
The CdO nanocrystal in Fig. 6(c) is labeled as NC-5, while (111)¢40
plane is parallel to (1010)s4s plane. The CdO nanocrystal in Fig.
6(d) is labeled as NC-6, while (002)c4o plane is parallel to (1010)cyg
plane. Lattice defects on CdS surface may be an important factor
affecting the oriented growth of CdO nanocrystals, such as the
exposed atomic slope can induce CdO nanocrystals to grow along
the inclined direction.

These six CdO nanocrystals shown earlier have nonequivalent
crystal orientation relationships with CdS matrix, and only one of
them has been reported in relevant Ref. [36]. Interface lattice
matching between these six CdO nanocrystals and CdS (1010)
plane was analyzed and the result is shown in Fig. 7. Moreover,
corresponding atomic models were constructed to furtherly analyze
the crystal orientation relationship between CdO nanocrystals and
CdS matrix. In Fig. 7(a), (002)c40 plane is parallel to (0002)c4s plane
while (220)¢4o plane is parallel to (1010)cys plane, and [110] 4o zone
axis is parallel to [1210]¢4 zone axis. In Fig. 7(b), (002)c40 plane is
parallel to (0002)cys plane while (200)cqo plane is parallel to
(1010) s plane, and [010]yo zone axis is parallel to [1210]4s zone
axis. For NC-1 and NC-2, ten (002)cyo layers match to seven
(0002)¢g4s layers on the interface. Additionally, the d-spacing of two
(220)¢40 layers (3.30 A) is relatively close to that of one (1010)c4
layer (3.61 A), which makes NC-1 less prone to bending due to
atomic steps at the interface. But for NC-2, the d-spacing of
(200)c40 plane (2.34 A) is far from that of (1010)qy plane (3.61 A),
which explains the bending of NC-2. In Fig. 7(c), (200)c4o plane is
parallel to (1011)¢ys plane while [010]cyo zone axis is parallel to

10 layers

ol | :7-Iéy.eis !

[1210] 45 zone axis. For NC-3, five (002)c4o layers match to four
(0002) 45 layers on the interface with an angle of 29.5 °. In Fig. 7(d),
(002)c4o plane is parallel to (1011)qys plane while (111)cy plane is
parallel to (1011)qs plane, and [110]4o zone axis is parallel to
[1210] 45 zone axis. For NC-4, five (111)cyo layers match to four
(0002)¢4s layers on the interface with an angle of 4.0 °. Interestingly,
the angle between (002)4o plane and (111)¢4o plane (54.7 ©) is close
to that between (1011)c4s plane and (1011) ¢y plane (56.4 °), which
may contribute to the formation of this interface structure. In Fig.
7(e), (111)cqo plane is parallel to (1010)ys plane while [110] 40 zone
axis is parallel to [1210]cys zone axis. For NC-5, seven (002)cq0
layers match to six (0002) g4 layers on the interface with an angle of
35.0 °. In Fig. 7(f), (002)c40 plane is parallel to the (1010)y4s plane
while (220)c40 plane is parallel to (0002)cys plane, and [110] 4o zone
axis is parallel to [1210] ¢4 zone axis. For NC-6, two (220)¢40 layers
match to one (0002)c4s layers on the interface. According to the
statistical analysis of the orientation distribution of thirty CdO
nanocrystals (Fig. S13 in the ESM), the {002} plane of CdO tends to
be parallel or perpendicular to the {1010} plane of CdS. Therefore,
the heterojunction interfaces corresponding to NC-1, NC-2, and
NC-6 are more advantageous in six nonequivalent heterojunction
interfaces, and the heterojunction interface corresponding to NC-2
((002)cg0 plane is perpendicular to (1010)q4g plane while (200)cq0
plane is parallel to (1010)¢ys plane) may be the most advantageous
one. Considering the above, the CdO nanocrystals nucleate and
grow at surface defects. They effectively fill the lattice defect
structure of CdS matrix, and appropriate interface lattice matching
is formed between CdO nanocrystals and CdS surface to reduce
interface energy.

4 Conclusions

In summary, the nucleation and growth mechanism of CdO

PSR S AT SN
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Figure7 HRTEM images and atomic models of six RS CdO nanocrystals with different crystal orientations on WZ CdS matrix: (a) NC-1, (b) NC-2, (c) NC-3, (d) NC-4,

() NC-5, and (f) NC-6.
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nanocrystals based on electron beam induced surface oxidation of
CdS is studied in this work. In situ TEM observation reveals the
structural evolution of CdS nanowires induced by electron beam
irradiation, which accompanied by the decomposition of CdS
nanowires and the formation of CdO nanocrystals. The results of
EDS indicate the element exchange between the CdS nanowires
and the column vacuum of TEM during the electron beam
irradiation. The CdO nuclei nucleate through a non-classical two-
step nucleation path on CdS surface. Amorphous clusters are
formed firstly as the intermediate phase on CdS surface, then CdO
nuclei appear in the amorphous phase. Reversible disorder-order
transitions of CdO nucleus are observed in the early crystal
nucleation stage. Then, the CdO nucleus grows rapidly by
absorbing excess amorphous phase. The layer-by-layer growth of
(002)cqo plane is observed in subsequent crystal growth process.
Additionally, six nonequivalent heterojunction interface orientation
relationships between CdO nanocrystals and CdS matrix are deeply
analyzed by building atomic models. Surface defects may be an
important factor affecting the oriented growth of CdO nanocrystals.
And appropriate interface lattice matching is formed between CdO
nanocrystals and CdS matrix. This work has potential application
prospects for atomic manufacturing and interface control of
semiconductor heterojunction.

Electronic Supplementary Material: Supplementary material
(XRD spectrum, SEM images, EDS spectra, extra TEM images, and
movies) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907001.
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