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ZnO nanocrystals embedded in an amorphous Zn;,Si;_xO; layer inserted between a ZnO thin film and
a p-Si (100) substrate were formed by magnetron sputtering and thermal annealing. High-resolution
transmission electron microscopy (HRTEM) images showed that ZnO nanocrystals were embedded in
the Zn,,Si;1_,O; layer inserted into a ZnO/Si heterostructure. The {011 0} planes were observed for the
ZnO nanocrystals with a [0001] orientation direction, and the {0111} and the {0001} planes were
observed for the ZnO nanocrystal with a [2 1 1 0] orientation direction. The formation of ZnO nanocrystals

2’2257:.]_13 consisting of the most stable {0001} and {011 1} facet planes was attributed to atomic rearrangement of
68.65.Hb Zn and O atoms to reduce the surface energy during the thermal annealing and the cooling processes. The

formation mechanisms for the ZnO nanocrystals embedded in an amorphous Zn,,Si;_xO; layer inserted
Keywords: into a ZnO/p-Si (1 00) heterostructure were described on the basis of the HRTEM images.
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1. Introduction

Since ZnO compounds are wide band-gap semiconductors with
unique physical properties of large exciton binding energies and
large direct band gap [1-3], they are of current interest due to
their potential applications in optoelectronic devices, such as solar
cells [4,5], light-emitting diodes [6,7] and laser diodes [8]. The for-
mation and the physical properties of dimensional structures of
ZnO quantum dots, ZnO nanowires, ZnO-based quantum wells,
and ZnO thin films have received much attention due to current
tendency to fabricate optoelectronic devices operating in the ultra-
violet (UV) region of the spectrum due to their wider band gap
[9-13]. Among the various dimensional structures of the ZnO mate-
rials, ZnO nanocrystals have been particularly attractive because
of their promising applications in next-generation optoelectronic
devices, such as UV photodetectors [14,15]. Even though some
studies concerning the formation of ZnO nanocrystals have been
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conducted [16-22], very few studies on the fabrication of ZnO
nanocrystals by using simple methods, such as sputtering and ther-
mal annealing, have been performed [21,22]. Furthermore, studies
on the formation mechanisms of ZnO nanocrystals embedded in an
insulator layer have emerged as potential candidates for promising
applications in next-generation memory devices [23].

This paper reports data for the formation mechanisms of
ZnO nanocrystals embedded in an amorphous Zn,,Si;_x0, layer
inserted into a ZnO/p-Si (100) heterostructure by using sput-
tering and thermal annealing. Transmission electron microscopy
(TEM) measurements were carried out in order to investigate the
microstructures and morphologies of the ZnO nanocrystals embed-
ded in the ZnO/Si heterostructures. The formation mechanisms for
the ZnO nanocrystals embedded in an amorphous Zn,,Si; _xO; layer
inserted into aZnO/p-Si (1 00) heterostructure are described on the
basis of the experimental results.

2. Experimental details

Polycrystalline stoichiometric ZnO with a purity of 99.999% was used as a source
for the RF sputter target material and was precleaned by repeated sublimation.
The carrier concentration of the B-doped p-Si substrates with (100) orientations
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Fig. 1. High-resolution transmission electron microscopy images of the (a) as-grown and the (b) annealed ZnO thin films grown on p-Si (100) substrates and (c) energy
dispersive spectroscopy spectrum for the amorphous intermediate layer shown in (b).
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Fig. 2. High-resolution transmission electron microscopy images of crystalline ZnO nanocrystals oriented with (a) [0001] and (c) [2 1 10] directions parallel to the incident
electron beam, respectively. These are highly magnified images of the A and the B regions corresponding to the crystalline ZnO nanocrystals in Fig. 1(b). (b) and (d) are the

corresponding schematic diagrams of the atomic arrangements of the A and the B regions corresponding to the crystalline ZnO nanocrystals, respectively. The smaller and
the larger circles denote Zn and O, respectively.
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Fig. 3. (a) Possible three-dimensional structure of a crystalline ZnO nanocrystals embedded in an amorphous layer inserted between the ZnO thin film and the Si substrate.
(b) Schematic diagram of the crystal structure of ZnO showing lower surface energy planes. The smaller and the larger circles denote Zn and O, respectively.

used in this experiment was 1 x 10'> cm~3. The Si substrates were degreased in
trichloroethylene (TCE), rinsed in de-ionized water, etched in a mixture of acetone,
methanol, and ethanol by using ultrasonications, and rinsed in TCE again. After the
Si substrates had been chemically cleaned, they were mounted onto a susceptor in a
growth chamber. Argon gas with a purity of 99.999% was used as the sputtering gas
[24]. The distance between the plasma gun and the substrate was 6 cm. Prior to the
ZnO growth, the surface of the ZnO target was cleaned by Ar* sputtering. After the
chamber had been evacuated to 1 x 10~7 Torr, the RF sputter deposition of the ZnO
film (frequency =13.26 MHz, power=100W) was carried out at a system pressure
of 1.2 x 1072 Torr and a substrate temperature of 250°C. The gas flow-rate ratio of
Ar to O, was 1, and the ZnO film growth rate was approximately 13 nm/min. The
thickness of the ZnO thin film was approximately 100 nm. The thermal annealing
process was performed in a nitrogen atmosphere with a tungsten-halogen lamp as
the thermal source. The thermal annealing process was carried out for 20 min at
900°C.

The TEM measurements were performed using a Tecnai F30 S-twin transmission
electron microscope operating at 300 keV [25]. The samples for the cross-sectional
TEM measurements were prepared by cutting and polishing them to a thickness of
approximately 30 wm and then argon-ion milling at liquid-nitrogen temperature to
electron transparency.

3. Results and discussion

Fig. 1 shows the high-resolution TEM (HRTEM) images of the
(a) as-grown and the (b) annealed ZnO thin films grown on p-Si
(100) substrates. When the ZnO thin film was grown on the p-
Si (1 00) substrate by using the sputtering method, an amorphous
SiOx thin layer was formed, resulting from the reaction of oxygen
ions with the Si surface during the sputtering process. When the
ZnO thin film grown on the p-Si (100) substrate was annealed
at 900°C, an amorphous Zn;,Si;_x0, layer was formed between
the ZnO thin film and the Si substrate. The compositional char-
acteristics of the ZnO/Si heterointerface region after 900°C were
investigated by using energy dispersive spectroscopy (EDS) mea-
surements, as shown in Fig. 1(c). While the crystal ZnO and Si lattice
images at the just beside of the interface layer are clearly observed,
the lattice fringes do not appear at the interface layer, indicative
of the amorphous phase of the interface layer. The EDS spectrum
demonstrated that the formed layer at the ZnO/Si heterointerface
region consisted of Zn, Si,and O atoms, indicative of the formation of
the Zn,,Si1_x0; layer. The formation of the amorphous Zny,Si; _xO2
layer was attributed to an interdiffusion of Zn, O, and Si atoms
existing in the heterointerface region due to thermal treatment,
resulting in the concomitant increase in the thickness of the amor-
phous interface layer [25,26]. The crystalline ZnO nanocrystals with
sizes of 5-8 nm were embedded in the amorphous oxide layer, as
determined from the HRTEM images shown in Fig. 2. The formation
of ZnO nanocrystals embedded in the amorphous layer is attributed
to atomic rearrangements of Zn and O atoms in the amorphous

Zny,Si1_x05 layer during the thermal annealing and the cooling
processes.

Fig. 2(a) and (c) shows HRTEM images of crystalline ZnO
nanocrystals oriented with [0001] and [2 1 1 0] directions parallel
to the incident electron beam, respectively. These are highly mag-
nified images of the A and the B regions corresponding to the ZnO
nanocrystals in Fig. 1(b). The corresponding schematic diagrams of
the atomic arrangement of the A and the B regions corresponding
to the crystalline ZnO nanocrystals are shown in Fig. 2(b) and (d),
respectively. The smaller and the larger circles shown in Fig. 2(b)
and (d) denote Zn and O, respectively. The interplanar spacing dis-
tance of the {0110} planes and the angle of the plane for the
region A corresponding to the crystalline ZnO nanocrystals are
0.282nm and 60°, respectively, and the interplanar spacing dis-
tance of the {01 1 1} planes and the angle of the plane for the region
B corresponding to the ZnO nanocrystals are 0.249 nm and 56.5°,
respectively [27,28]. The interplanar spacing distances of the ZnO
nanocrystal are in reasonable agreement with those of the ZnO bulk.

A possible three-dimensional structure of the ZnO nanocrys-
tals embedded in the amorphous layer inserted between the ZnO
thin film and the Si substrate can be suggested on the basis of
the HRTEM results. The {0110} planes are observed for the ZnO
nanocrystals with a [000 1] orientation direction, and the {011 1}
and the {000 1} planes are observed for the ZnO nanocrystal with
a[211 0] orientation direction, as shown in Fig. 2. Thus, the three-
dimensional structure of a ZnO nanocrystal is composed of {000 1}
and {0111} planes with a spherical shape, as shown in Fig. 3(a).
Because the two lowest surface energy planes, {0001} and {0111}
planes, exist in the ZnO crystal [29], ZnO nanocrystals, which are
composed of the most stable facets with {0001} and {0111}
planes, might be created to reduce the surface energy during the
thermal annealing and the cooling processes. Fig. 3(b) shows a
schematic diagram of the crystal structure of ZnO showing lower
surface energy planes, which are composed of {0001} and {0111}
planes. The smaller and the larger circles shown in Fig. 3(b) denote
Zn and O, respectively.

When the ZnO thin film is grown on the p-Si (1 0 0) substrate by
using the sputtering method, an amorphous SiOx thin layer with a
thickness of approximately 3 nm is formed between the ZnO thin
film and the Si substrate, as shown in Fig. 1(a). The formation of
this amorphous layer might be attributed to a reaction between
oxygen and the Si substrate during ZnO deposition. When the ZnO
thin film grown on the p-Si(1 00) substrate is annealed at 900 °C, an
amorphous Zn,,Si;_x0; layer is formed between the ZnO thin film
and the Si substrate due to a reaction among Zn, Si and oxygen. The
formation of crystalline ZnO nanocrystals, which are composed of
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the most stable facets with {0001} and {01 11} planes, embedded
in the amorphous layer, is attributed to an atomic rearrangement
of Zn and O atoms in the amorphous Zn,,Si1_x0, layer during the
thermal annealing and the cooling processes.

4. Summary and conclusions

ZnO nanocrystals embedded in an amorphous Zn,,Si;_,0, layer
inserted into ZnO/p-Si (100) heterostructures were formed by
using the magnetron sputtering and thermal annealing. HRTEM
images showed that ZnO nanocrystals with sizes between 5 and
8 nm were embedded in the amorphous Zn,,Si;_xO; layer. The for-
mation of ZnO nanocrystals composed of the most stable {0001}
and {0111} facet planes was related to atomic rearrangement
of Zn and O atoms that reduce the surface energy during the
thermal annealing and the cooling processes. The formation mech-
anisms for the ZnO nanocrystals embedded in an amorphous
Zn;,Si;_x0, layer inserted into a ZnO/p-Si (100) heterostructure
were described on the basis of the HRTEM images. These results
can help improve understanding of formation mechanisms of ZnO
nanocrystals embedded in an amorphous Zn,,Si;_,0, layer due to
sputtering and annealing.
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