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ZnO nanocrystals were formed on Si substrates using spin coating and thermal annealing. X-ray diffraction patterns showed
that the intensity of the ZnO (0002) peak corresponding to the ZnO [0001] nanocrystals increased with an increase in
annealing temperature up to 700 °C, indicative of the improvement of the crystallinity of the ZnO nanocrystals. The
photoluminescence spectra at 13 K for ZnO nanocrystals formed on the Si substrates showed that the strong exciton peak
related to the near-band-edge emission was shifted to a lower energy with increasing annealing temperature resulting from the

increase in the size of the ZnO nanocrystals.
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Introduction

Nanocrystals based on wide-band-gap compound
semiconductors have currently been receiving considerable
attention because of their potential applications in
electronic and optoelectronic devices operating at lower
currents and higher temperatures [1-5]. Among the
various types of nanocrystals, because ZnO nanocrystals
are wide-band-gap semiconductors with superior physical
properties of large exciton binding energies and excellent
chemical stabilities [6, 7], they are particularly interesting
due to their potential applications in optoelectronic
devices, such as light-emitting diodes [8], laser diodes
[9], and solar cells [10]. In particular, ultraviolet lasers
fabricated utilizing ZnO materials operating at room
temperature have emerged as excellent candidates for
potential applications in next-generation promising
optoelectronic devices [11-13]. Even though some studies
concerning the formation and the physical properties of
ZnO nanocrystals on various substrates have been
reported [14-18], almost all of the reported materials
have been formed by molecular beam epitaxy, metal-
organic chemical vapor deposition, pulsed laser deposition,
and sputtering methods. ZnO/Si hetero-structures, which
are fabricated by utilizing the combined advantages of
the large excitonic binding energy of a ZnO thin film
and cheap Si substrates, have been particularly interesting
due to their promising applications for optoelectronic
devices operating in the blue region of the spectrum
[19]. Even though some studies on the formation and
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the physical properties of ZnO nanocrystals via a
simple method have been performed [19-21], very few
studies concerning the effects of thermal annealing on
the surface, the structural, and the optical properties of
ZnO nanocrystals formed on Si (100) substrates have
been conducted. Furthermore, systematic studies concerning
the effects of thermal annealing on the surface, the
structural, and the optical properties of ZnO nanocrystals
formed on Si (100) substrates are very important for
enhancing the efficiency of optoelectronic devices based
on ZnO nanocrystals.

This paper reports data for the effects of thermal
annealing on the surface, the structural, and the optical
properties of ZnO nanocrystals formed on p-Si (100)
substrates by using a spin-coating method. Atomic
force microscopy (AFM) and X-ray diffraction (XRD)
measurements were carried out to investigate the surface
and the structural properties of the annealed ZnO
nanocrystals. Photoluminescence (PL) measurements were
performed to investigate the optical properties of the
annealed ZnO nanocrystals.

Experimental Details

The samples used in this study were formed on p-Si
(100) substrates by using a spin-coating method. The
carrier concentration of the B-doped p-Si substrates
with a (100) orientation used in this experiment was
1 x 10" em™. The zinc acetate dihydrate was used as a
starting material, and the methanol solution was used
as a solvent [22]. After the zinc acetate dihydrate was
dissolved in the methanol solution at room temperature,
the saturated solution was stirred at 60 °C for 2 h to
obtain a uniform solution. The prepared solution was
dropped onto the Si substrates, as shown in Fig. 1(a),
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Fig. 1. Schematic diagrams of the formation processes of the ZnO
nanocrystals on the Si (100) substrates.

and then rotated by a spin coater at 7000 rpm for 30 s.
After the zinc acetate dihydrate was deposited by spin
coating, as shown in Fig. 1(b), the samples were dried on
a hotplate for 10 minutes in order to remove the solvent
and organic residuals. The samples were annealed in an
air atmosphere at 300, 500, 700, and 900 °C for 2 h, as
shown in Fig. 1(c). ZnO nanocrystals were formed by
thermal treatment resulting from the vaporization of the
acetate acid, as shown in Fig. 1(d). The schematic
diagrams of the formation processes of the ZnO
nanocrystals on the Si (100) substrates are shown in
Fig. 1. The size of the ZnO nanocrystals can be controlled
by changing the annealing temperature and time.

The AFM measurements were performed using a
Digital Instrument Dimension TM 3100 (Veeco). The
XRD measurements were performed using a Rigaku D/
MAX-B diffractometer with Cu K, radiation. The PL
measurements were carried out using a 50 cm mono-
chromator equipped with an RCA 31034 photo-
multiplier tube. The excitation source was the 3250 A
line of a He-Cd laser, and the sample temperature was
kept at 13 K by using a He displex system.

Results and Discussion

Figure 2 shows that AFM images of ZnO
nanocrystals formed on the Si substrates annealed at (a)
300, (b) 500, (c) 700 and (d) 900 °C. The sizes of the
Zn0O nanocrystals formed on the Si substrates annealed
at 300, 500, 700 and 900 °C, as determined from the
AFM measurements, are 3.71, 16.14, 21.22, and 38.69 nm,
respectively, as shown in Fig. 2. AFM images show that
the size of the ZnO nanocrystals increases with
increasing annealing temperature. The increase in the
size of the ZnO nanocrystals with an increase in the
annealing temperature is attributed to the coalescence of
nanocrystals due to the higher thermal energy. However,
when the annealing temperature is above 900 °C, the
ZnO nanocrystals transform into ZnO agglomerates
due to the continuous additional coalescence.

Figure 3 shows XRD patterns for the ZnO nanocrystals
on the Si substrates annealed at (a) 300, (b) 500, (c) 700
and (d) 900°C. The (0002) K,; diffraction peaks

Fig. 2. Atomic force microscopy images of ZnO nanocrystals
formed on the Si substrates annealed at (a) 300, (b) 500, (¢) 700
and (d) 900 °C. The scanning area of the surface is 10 x 10 pm>.

Fig. 3. X-ray diffraction patterns of the ZnO nanocrystals formed
on the Si (100) substrates annealed at (a) 300, (b) 500, (c) 700 and
(d) 900 °C.

corresponding to the ZnO (0001) films annealed at
300, 500, 700 and 900 °C are clearly observed in Fig.
3 [23]. The XRD patterns indicate that the annealed
ZnO nanocrystals have a strong c-axis orientation,
this orientation giving the lowest surface free energy
[24]. The intensity of the XRD pattern corresponding
to the ZnO (0002) peak for the ZnO/Si heterostructure
increases with increasing annealing temperature up to
700 °C, and the full width at half-maximum for the
(0002) diffraction peak for the ZnO nanocrystals
decreases, indicative of an increase in the grain size
and a strongly preferential orientation of the (0001)
hexagonal structure due to an increase in the annealing
temperature up to 700°C. When the annealing
temperature is increased to 800 °C, the XRD intensity
for the (0002) diffraction peak for the ZnO
nanocrystals decreases resulting from an increase in the
density of the dislocations. When the ZnO/Si samples
are annealed in an air atmosphere, the ZnO nanocrystals
might be significantly affected due to the large thermal
expansion between the ZnO nanocrystals and the Si
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Fig. 4. Photoluminescence spectra at 13 K of the ZnO nanocrystals
formed on the Si substrate annealed at (a) 300, (b) 500, (c) 700 and
(d) 900 °C.

substrate [25], resulting in the improvement of the
crystallinity of the ZnO nanocrystals.

Figure 4 shows that PL spectra at 13 K for the ZnO
nanocrystals formed on the Si substrates annealed at
300, 500, 700 and 900 °C. The excitonic peaks were
shifted to higher energy with a decrease in the annealing
temperature due to quantum-confinement effect resulting
from a decrease in the size of the ZnO nanocrystals and
to the relaxation of stress for the ZnO nanocrystals.
The peak at 365 nm for the ZnO nanocrystals formed
on the Si substrates annealed at 300 °C is attributed to
the near band-edge (NBE) emissions of the excitons
bound to donors (DX), as shown in Fig. 4(a). The
emission peak at 370 nm for the ZnO/Si hetero-
structures annealed at 900 °C, which is lower than the
band edge emission of the bulk ZnO materials, is
attributed to the NBE emissions of the excitons bound
to acceptors (AX) [26]. The PL spectrum for the ZnO
nanocrystals formed on Si substrates annealed at
900 °C shows only strong exciton peaks related to the
NBE emissions without exhibiting a green-emission
peak. The DX and AX emission peaks at 370 nm and
375 nm shift to high energy sides of 365 nm and
372 nm, respectively, with a decrease in the annealing
temperature from 900 to 300 °C due to quantum
confinement effect resulting from the decrease in the
size of the ZnO nanocrystals. The PL peak around
450 nm for ZnO nanocrystals formed on p-Si (100)
substrates is related to the deep-level (DL) emission,
and the DL emission might be attributed to oxygen
vacancies or zinc interstitials [27]. The PL intensity
corresponding to the DL emission significantly decreases
with increasing annealing temperature.

Summary and Conclusions

The effects of thermal annealing on the surface, the
structural, and the optical properties of ZnO nanocrystals
on Si substrates using spin coating were investigated.
AFM and XRD results showed that the ZnO
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nanocrystals with a c-axis preferential orientation in the
[0001] crystal direction were formed on Si (100)
substrates. AFM images showed that the size of ZnO
nanocrystals increased with an increase in the annealing
temperature. XRD patterns showed that the (0002) peak
intensity corresponding to the ZnO nanocrystals increased
with an increase in the annealing temperature up to
700 °C, indicative of the improvement of the crystallinity
of the ZnO nanocrystals. The PL spectra at 13 K for ZnO
nanocrystals on Si substrates showed that the strong
exciton peak related to the NBE emission was shifted
to a lower energy with an increase in the annealing in
the temperature resulting from the increase in the size
of the ZnO nanocrystals.
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