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Outstanding n-type ZnO thin films were prepared on Si substrates by utilizing a double RF cosputtering method. Our unique double RF technique has many attractive merits for synthesizing
ZnO thin films with excellent optoelectronic properties at various temperatures. The ZnO thin
films were also post-annealed at various temperatures. The X-ray diffraction patterns and X-ray
photoelectron spectroscopy indicated well-grown ZnO films with a (002) orientation and with gorgeous chemically bond states, respectively. In addition, photoluminescence measurements indicated
a band-gap of 3.4 eV in the ZnO films. The scanning electron microscopy images showed that
the as-grown ZnO thin film had hexagonal column shapes, such as hexagonal rods. The ZnO film
exhibited an UV light response with a cut-off wavelength of ∼370 nm at room temperature.
PACS numbers: 73.40.Lq
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I. INTRODUCTION
Zinc oxide (ZnO; II-VI compound semiconductor) is
the best candidate material among attractive metal oxides for blue optoelectronic devices and new white light
source devices due to its wide direct band-gap (3.37 eV),
high exciton binding energy (60 meV), and good efficiency of exciton recombination that will result in a high
gain at room temperature [1–3]. Also, it displays good
piezoelectric, good catalysis, and novel optical properties, such as UV-light-emitting or lasing properties. Especially, ZnO has a high breakdown voltage that is almost four times that of GaAs [4, 5]. This is the reason
ZnO has recently received more and more attention from
many researchers.
ZnO thin films have been grown by using many different growth methods, such as conventional sputtering
method [6–8], molecular beam epitaxy (MBE) [9, 10],
metal-organic chemical-vapor deposition (MOCVD) [11,
12], etc. Among them, the sputtering method is easier
than any other. Especially, a homo-junction p-n struc∗ E-mail:
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ture can be realized in situ by using the co-sputtering
method, which is the one of the final goals of our research.
This paper reports the fabrication of unique ZnO films
by using a reactive co-sputtering method with an external RF source; the method is called the double RF cosputtering method. The structural and the optical properties of ZnO thin films were evaluated and were found
to clearly depend on the growth temperature and the
intensity ratio of two RF powers (not mentioned in this
paper), one for target and the other for the gas mixture.
Furthermore, a hexagonal columnar structure could be
synthesized through the double RF co-sputtering method
at 600 ◦ C. The hexagonal columnar structure might enhance the optical properties of ZnO thin films and might
be easily applied to a hybrid device with another material.

II. EXPERIMENTS
Unique ZnO thin films with a hexagonal columnar structure were synthesized by using a reactive cosputtering method with an external RF source at var-
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Fig. 1. XRD patterns of ZnO thin films on Si substrates
at various temperatures.

ious temperatures, including room temperature. To
prepare the high-quality ZnO thin films, we cleaned
the substrates on a heating plate with a sequence of
trichloroethylene (TCE), acetone, methanol, and deionized (DI) water. Finally, we dried the samples by blowing nitrogen over them before putting them into the cosputtering chamber. Prior to starting the deposition, the
substrates were pre-heated at 600 ◦ C in order to vaporize
the oxygen on the substrate, and the base pressure of the
growth chamber was about 5 × 10−5 Pa. The working
pressure during the deposition process was 6.65 × 10−2
Pa. The RF power for the target was fixed as 90 W,
and the RF power for the gas mixture was varied from
60 W to 120 W in 10-W steps. The latter RF power
was used to make the gas mixture much more activated.
The temperature of the substrate was also increased from
room temperature to 600 ◦ C. The thickness of the ZnO
film that was characterized by using an α-step profiler
was about 200 ∼ 400 nm. Measurements were also made
using field emission scanning electron microscopy (FESEM), X-ray Diffractometry (XRD), X-ray photoemission spectroscopy (XPS), photoluminescence (PL; He-Cd
laser 325 nm, as the excitation source), and a 4-probe
system for the I-V measurement.

III. RESULTS AND DISCUSSION
Fig. 1 shows XRD patterns for ZnO thin films deposited by using a double RF co-sputtering method at
temperatures of room temperature, 250 ◦ C, 300 ◦ C, 400
◦
C, 500 ◦ C, and 600 ◦ C. As the Fig. 1 shows, there was
a slight shift in the (002) peak at 600 ◦ C. This fact indicates that there was a critical point for transfer of the
ordering between Zn and O. In other words, there was
an ordering which might make a hexagonal column-like
ZnO thin film at 600 ◦ C while there was a disordering

Fig. 2. XPS spectra of ZnO thin films: (a) 2P3/2 and 2P1/2
of ZnO and (b) O 1s of ZnO.

between Zn and O up to 500 ◦ C. In conclusion, the crystallization of ZnO thin film was more improved at 600
◦
C, a result that was would be confirmed through not
only by the improved optical properties of the ZnO thin
films but also by their SEM images.
The chemical bonding state of the ZnO layer (300
nm) was investigated by using X-ray photoemission spectroscopy (XPS). Fig. 2(a) shows the chemical compositions of Zn 2p3/2 (1021.4 eV) and Zn 2p1/2 (1044.77 eV)
in the ZnO thin film. The dominant peak in Fig. 2(b)
is due to Zn-O bonding, namely, the lattice of the ZnO
layer [13]. The shoulder in Fig. 2(b) observed at a higher
energy than the Zn-O bond state is due to the O-H bond
state [14]. Judging from the fact that no change was observed in the XPS spectra ever after one week of air exposure, we concluded that those O-H bond states might
have been formed after the sputtering growth method
due to collisions with remaining H2 O molecules when
the chamber was opened. Those O-H bond states are
expected to exist on the surface, not in the bulk, became the hydrogen atoms in ZnO are known to work
as shallow donors [15]. These results clearly showed the
chemical bonds state in the ZnO thin film, nevertheless,
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Fig. 3. PL spectrum of ZnO thin films. The dotted line is
at 8 K; the solid line is for room temperature.

there was a slight shift of the Zn 2p3/2 (1021.4 eV) peak.
Fig. 3 shows PL spectra of ZnO films grown on Si(001)
substrates at room temperature and at 8 K. A strong
near-band-edge (NBE) peak at 370 nm and a very weak
deep level emission (DLE) centered approximately 495
nm are observed at 8 K, which indicates that the ZnO
films on Si substrates have good optical properties. The
extremely strong NBE peak was due to free exciton recombination and to the hexagonal columnar structure
that was formed at 600 ◦ C. This showed that the optical
properties of ZnO thin films were greatly enhancement
when the films had hexagonal columnar structures, such
as hexagonal rods or hexagonal prisms.
The SEM images of the as-grown ZnO films on Si substrates at 600 ◦ C are shown in Fig. 4. As the Fig.
4 shows, the ZnO film grown on a Si substrate had a
hexagonal columnar morphology [Fig. 4(b)], a rod-like
shape in the cross-sectional view [Fig. 4(c)]. As we mentioned in the first paragraph of this section, a hexagonal
columnar morphology indicates a good c-axis crystallization of ZnO. Furthermore, the as-grown ZnO thin films
at temperatures under 600 ◦ C, including room temperature, had no columnar structure as shown in Fig. 4(a)
whereas the as-grown ZnO thin films at 600 ◦ C had a
hexagonal columnar shape. These results were dramatically well matched with the PL and the crystallographic
properties.
Fig. 5 shows the I-V characteristics for the ZnO films
grown at room temperature, 300 ◦ C, and 600 ◦ C. As
Fig. 5 shows, the resistance of sample grown at 600 ◦ C
is lower than those of the samples grown at 300 ◦ C and
room temperature. Because the crystallinity of ZnO, it
becomes better as the growing temperature is increased,
as shown in Fig. 1. Therefore, the high leakage current
of the crystalline samples is expected to be due to grain
boundaries that serve as high leakage paths for the ZnO
layer [16].

Fig. 4. SEM images of ZnO thin film: (a) top-view of an
as-grown sample at room temperature, (b) top view of an asgrown sample at 600 ◦ C, and (c) cross-sectional view of an
as-grown sample at 600 ◦ C.

Fig. 5. I-V characteristics of ZnO thin films grown at room
temperature (•), 300 ◦ C (), and 600 ◦ C (N). The inset
shows a schematic of the setup used for the I-V measurements.
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IV. CONCLUSIONS
We have synthesized outstanding ZnO thin films with
a hexagonal columnar morphology that improve the optical properties. Especially, there was an extreme improvement in the PL properties of the as-grown ZnO thin films
at 600 ◦ C. These unique ZnO thin films with excellent
structural and optical properties were easily synthesized
with a double RF co-sputtering method that can be used
to fabricate p-n homo junctions by in situ with N2 , AlN2 , P, etc.
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