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Atomic force microscopy imaging of ZnO nanodots
deposited on quartz by sparking off different tip shapes
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We have demonstrated a simple method for depositing ZnO nanodots on quartz substrates by sparking
off different tip shapes at voltages of 2, 4 and 6 KV in air at atmospheric pressure. A comparison was made
among the three tip shapes: the sharp tip, the conical tip and the dull tip. The surface morphology was then
observed by atomic force microscopy. The mean height of the randomly distributed dots of approximately
8 nm was successfully deposited from the sharp tip at 6 kV. Characterizations by UV-vis spectroscopy
and Raman spectroscopy have confirmed the presence of ZnO and the quality improvement by annealing
treatments. Moreover, a nucleation mechanism of the nanodot formation is discussed. Copyright @ 2006

John Wiley & Sons, Ltd.
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INTRODUCTION

ZnO is an interesting semiconductor for optoelectronic
devices and sensors owing its the properties of wide band
gap (3.37 eV), high excitonic binding energy (60 meV) and
high chemical stability."? It can be used in a variety of
applications, such as gas sensors, solar cells, photodetectors
and photodiodes.?> ® Thus, a variety of ZnO nanostructures
have been synthesized by many methods, such as reac-
tive electron beam evaporation,” '! metalorganic chemical
vapor deposition (MOCVD), ion implantation and the wet-
chemical method.!>!? In particular, the ZnO nanodots (NDs)
are normally fabricated through advanced and expensive
technologies, such as molecular-beam epitaxy (MBE) and
pulsed laser deposition (PLD).'*13

We have extensively investigated the simple and low-
cost technique, as recently reported by our group, for
fabricating iron/iron oxide NDs on glass slides and stainless
steel substrates.!®!” In this present paper, ZnO NDs were
deposited on quartz substrates by sparking at various
voltages from different tip shapes prepared from a zinc
wire. The relationship between the applied voltages and
the dot sizes was investigated by atomic force microscopy
(AFM). The optical properties and chemical states of the as-
deposited NDs and the annealed samples were characterized
by UV -vis spectroscopy and Raman spectroscopy.

EXPERIMENTAL

Before the NDs were formed on quartz substrates (12.7 x
12.7 x 1.0 mm?, Ted Pella, Inc., Redding, CA) by the high-
voltage discharge (sparking) through the zinc tip, the

*Correspondence to: P. Singjai, Nanomaterials Research Unit,
Department of Physics, Faculty of Science, Chiang Mai University,
Chiang Mai 50200, Thailand. E-mail: singjai@chiangmai.ac.th

Copyright © 2006 John Wiley & Sons, Ltd.

substrates were sonically cleaned in acetone, distilled water
and ethanol, and dried by blowing nitrogen gas. Different tip
shapes were prepared from the zinc wire (& 0.38 mm, purity
99.97%, Advent Research Material Ltd) by three methods:
(i) electrochemical etching for the conical tip; in brief the zinc
wire was partially dipped into a 2.5 m KOH solution and
was anodically dissolved at 6 volts, (ii) cutting with pliers
for a sharp tip and (iii) pelishing with an abrasive paper
for the dull tip, as photographically depicted in Fig. 1. The
prepared tip was then placed vertically at ~3 mm above
another zinc wire which was placed horizontally on the
quartz substrate (Fig. 2). Aftera 0.1 uF capacitor was charged
to the desired voltages (2, 4 and 6 kV), the tip was gradually
moved downward to the substrate until sparking occurred
in ambient air at atmospheric pressure.

Surface characterization was done by using an AFM in the
tapping mode (Digital Instruments, Inc., Santa Barbara, CA)
equipped with a standard Si tip and operated at a scan size
of 1 x 1 um? in air at room temperature. Section analysis was
carried out to estimate sizes of the NDs using the Nanoscope
TlIa 5.12r3 software. The thin film thickness of the NDs was
determined from the cross-section scanning electron micro-
scope (SEM) images of the samples prepared by the sparking
for over 100 times. The energy gap and chemical state of
the as-deposited NDs before and after annealing treatments
at 310, 380 and 450°C for 1 h were investigated by UV—vis
spectroscopy (Jasco V-530) over a spectral range from 200
to 1100 nm and by Raman spectroscopy (Horiba Jobin Yvon
T64000) with a 514 nm argon ion laser at room temperature.

RESULTS AND DISCUSSION

Effect of electrode polarity
Optical microscope images of the conical tip after the
sparking occurred are shown in Fig. 3, where the conical
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Figure 1. Optical microscope images of (a) the conical tip,
(b) the sharp tip and (c) the dull tip.
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Figure 2. Schematic diagram of the sparking apparatus.

b

025 mm

Figure 3. Optical microscope images of (a) the anode tip and
(b) the cathode tip after the sparking occurred.

tip was connected to the capacitor (a) as the anode and (b) as
the cathode. While achieving a higher deposition rate, it
should be noted that an erosion of the anode tip was clearly
seen, whereas the cathode tip was bent and slightly eroded.
On the basis of this result, the anodic tip was selected for
depositing ZnO NDs on the quartz substrates.

Surface morphology as imaged by AFM

The deposited NDs cover a macroscopic area of approxi-
mately 7 mm? (diameter of ~3 mm) and a few co-deposited
microdots were observed by an optical microscope. A com-
parison of AFM images is shown in Fig. 4(a), (b) and (c), in
which the NDs were prepared by sparking once at 4 kV from
the conical tip, the sharp tip and the dull tip, respectively.
It is noted that the NDs prepared from the dull tip have the
largest mean sizes, whereas those prepared from the sharp
tip and the conical tip have slightly different mean sizes.
From a more detailed information from section analysis of
Fig. 4, the mean sizes of ZnO NDs prepared from the conical,

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 4. AFM images of ZnO NDs prepared by sparking once
at 4 KV from (a) the conical tip (b) the sharp tip and (c) the dull

tip.

the sharp and the dull tips were approximately 36, 37 and
61 nm in diameter and 17, 12, 15 nm in height, respectively

Surf. Interface Anal. 2007; 39: 58-63
DOI: 10.1002/ sia



131

T. Kumpika, W. Thongsuwan and P. Singjai

70

W diameter
M height

60 7

50

40

30

Mean sizes (nm)

20

Conical tip Sharp tip Dull tip

Tip shapes

Figure 5. The mean heights and the mean diameters of ZnO
NDs prepared by sparking once from the different tip shapes at
4 kV, estimated by the section analysis of Fig. 4.
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Figure 6. The mean heights and the mean diameters of ZnO
NDs prepared by sparking once from the sharp tip at 2, 4 and
6 kV.

(Fig. 5). However, one should bear in mind that the diameter,
as the lateral size of the NDs estimated from such an AFM
image, has undergone a broadening effect by a tip-shape
convolution.'® Therefore, the real diameters are lower than
the above results. In order to achieve the lowest sizes, the
sharp tip was considered to be the optimum choice and will
be used for further investigations.

As suggested above, the sharp tip was selected to study
the relationship between the strength of applied voltages and
the mean sizes of the NDs. The result is shown in Fig. 6; the
mean diameters and the mean heights prepared at 2, 4 and
6 kV were approximately 41, 36 and 34 nm and 16, 12 and
8 nm, respectively. Itis clearly seen that sparking at a voltage
of 6 kV has deposited the lowest mean sizes and moderate
size distributions, as shown in Fig. 7. We understand that,
from a thermodynamic point of view, a high specific surface
energy is governed by the associated energy stored in such
a system.!” Since the electric energy stored in a capacitor is

Copyright @ 2006 John Wiley & Sons, Ltd
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Figure 7. Size distributions of ZnO NDs prepared by sparking

once from the sharp tip at 6 kV, at which the lowest mean sizes
were obtained.

E = 1/2CV?, by sparking at 6 kV the tip has transferred the
highest energy. This supports that the lower mean sizes of
the NDs were successfully deposited at the higher voltages.

Under the same deposition conditions, ND thin films
were also fabricated by sparking from the sharp zinc tip
at 6 kV for over 100 times, at which stacking of the NDs
occurred. The film thickness/number of sparks ratio of
~1.06 nm/spark was observed by means of the SEM cross-
section image (data not shown). Therefore, this present
technique can be used to form ND thin films of various
metals and metal-oxide semiconductors at any desired
thickness depending on requirements of applications and
characterizations.

UV -vis spectra

The UV-vis spectral range from 200 to 1100 nm was
measured from the samples prepared by sparking 30
times, which corresponded to the film thickness of ~32 nm.
Figures 8 and 9 show the transmittance and the absorbance
curves before and after the annealing treatments at 310,
380 and 450°C. The bandgap can be determined from the
plot of (whv)* versus the photon energy (hv) (Fig. 10) from
the extrapolation of the linear portion with the energy
axis, where « is the absorption coefficient, as described
in Refs 20-22. From the results, the as-deposited and the
annealed samples have the bandgaps shown in Table 1. It
is noted that the bandgaps determined from the various
«'s were slightly different. The bandgap of the as-deposited
sample is as high as 5.60 eV, whereas those of the annealed
samples (3.34-3.20 eV) are slightly red-shifted from the
classical bandgap of ZnO (3.37 eV).

According to the bandgap observed from our unannealed
sample, an explanation was given by Zhou and coworkers™
concerning ZnO quantum dots prepared from a wet-chemical
method. Typically, the as-prepared dots is passivated by
an outer thin layer of Zn(OH), in which it increases
the energy band gap. We anticipate that the sparking
for depositing Zn/ZnO NDs in air at room temperature
took place in incomplete oxidation and humidity, i.e. the

Surf. Interface Anal. 2007; 39: 58-63
DOI: 10.1002/sia
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Table 1. The bandgaps of ZnO samples estimated from
different absorption coefficients (a): t is the film thickness (nm),
R is the reflectance, T is the transmittance, C is the reflection
coefficient (C = 10~%) and A is the absorbance

Bandgaps (eV)
Samples o = % md }R) = a ECCj_ = lnr}v
As-deposited 5.62 5.70 5.60
450°C 333 334 326
380°C 330 332 323
310°C 326 329 320

a1 as in Ref. 20.
s as in Ref. 21.
w3 as in Ref. 22.
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Figure 8. Optical transmittance of ZnO NDs prepared by
sparking 30 times from the sharp tip at 6 kV and annealing
treatments at 310, 380 and 450°C for 1 hin air.
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Figure 9. Optical absorbance of ZnO NDs: the sample
preparation conditions as in Fig. 8.

Zn/Zn0/Zn(OH), core—shell-shell structure was probably
formed. Therefore, an annealing treatment is needed for
obtaining good quality of the ND thin films prepared by this

Copyright @ 2006 John Wiley & Sons, Ltd.
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Figure 11. Raman spectra of ZnO NDs prepared by sparking
700 times from the sharp tip at 6 kV under the annealing
conditions as in Fig. 8.

present method. In addition, the bandgaps of the annealed
samples are slightly blue-shifted with increasing annealing
temperatures from 310 to 450 °C. In contrast with the previous
report,” a red-shift from 150 to 500°C was observed.

Raman spectra

Raman scattering was measured from the sample prepared
by sparking 700 times, which corresponded to the film
thickness of ~750 nm. Figure 11 shows the Raman spectra
before and after the annealing treatments. The Raman peaks
at438,577, 1154 and 1604 cm ™! are attributed to the E> (high),
Ay longitudinal optical (1LO) phonons, the 2LO phonons and
the 3LO phonons of Zn0.2*?* The small 3LO peak was only
observed from the annealing treatment at 450°C, which
indicates that the ND thin films have a partially bulk-like
structure.” It is noted that the broad plateau from 200 to
600 cm ! and the peaks at 488 and 795 cm ! were obtained
from the quartz substrate. Therefore, their heights and shapes

Surf. Interface Anal. 2007; 39: 58-63
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were likely unchanged by the annealing treatments. It should
also be pointed that the peaks at 1068 and 1154 cm™! were
obtained from both the ZnO and the quartz substrates. While
comparing all spectra of ZnO, the peak heights from the
annealed sample at 380°C are greater than those at the
others. Therefore, an optimum annealing temperature for
good quality ZnO NDs is suggested.

Nucleation mechanism

In order to understand a nucleation mechanism of the ND
formation, the Zn tip was observed during the sparking
under an optical microscope. Interestingly, we found that
the Zn tip was melting. The bombardment of high-energy
electrons accelerated by a high voltage across the Zn sharp tip
and the Zn wire, as shownin Fig. 12, caused high temperature
and pressure on molten Zn at the tip surface. Hence,
Zn nanodroplets were nucleated, which moved towards
the substrate by the high kinetic energy and oxidized in
atmospheric air. The particle size of the nanodroplet can
be described thermodynamically with the Young-Laplace
equation, i.e. AP = 2y/r where r is the radius of curvature,
y is surface free energy of the molten Zn and AP is the
pressure difference between inside (Py;) and outside (Pyy)
the droplet®® Therefore, at a higher applied voltage, the
NDs deposited has a smaller mean size. In other words, the
mean particle size can be varied by adjusting strength of the
applied voltage. Furthermore, the mean particle size can be
decreased by increasing the local electric field (Ejoca) at the
Zn tip, as the fields at the sharp and conical tips are more
enhanced by the field enhancement factor (#) than at the dull
ﬁp_li'

The above results demonstrate that the Raman spectra of
the annealed samples clearly reveal a chemical fingerprint
of the ZnO phase. However, our results obtained by this
technique may not be used to provide detailed chemical
confirmation of the films throughout the thickness. In further
work, a depth profile analysis using a surface sensitive
technique, such as X-ray photoelectron spectroscopy, will

+
High voltage source v

v

Epa = B V/4

LA LA

v

AP=2y/r

Figure 12. Schematic diagram of the nucleation mechanism of
Zn0 NDs deposited by the sparking method.

Copyright @ 2006 John Wiley & Sons, Litd.
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be carried out for both annealed and unannealed samples.
Moreover, the effects of changing the background pressure
of dry air or even the effects of different relative humidity
conditions on the particle size of the NDs, the chemical states
and the quality of the films will be examined.

CONCLUSIONS

ZnO nanodots were successfully deposited on quartz
substrates by the sparking method. The surface morphology
as imaged by AFM has shown that sparking from the sharp
tip at 6 kV produced the lowest mean height of 8 nm. After
the annealing treatments, the Raman spectra showed the
optimum annealing temperature to be 380°C, whereas the
UV-vis spectra gave the corresponding bandgap, which
showed a slight red-shift from the classical bandgap of ZnO.
Thus, we suggest that this simple technique can be utilized
to fabricate many other metal /metal-oxide NDs and ND thin
films on any arbitrary substrate.
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Abstract

Zn0 nanoparticle thin films were deposited on quartz substrates by a novel sparking deposition which is a simple and cost-effective technique.
The sparking off two zinc tips above the substrate was done repeatedly 50-200 times through a high voltage of 10 kV in air at atmospheric
pressure. The film deposition rate by sparking process was approximately 1.0 nm/spark. The ZnO thin films were characterized by X-ray
diffraction, Raman spectroscopy, UV—vis spectrophotometry, and ionoluminescence at room temperature. The two broad emission peaks centered
at 483 nm (green emission) and 650 nm (orange-red emission) were varied after two-step annealing treatments at 400-800 °C. Moreover, the
electrical resistivity of the films was likely to be proportional to the peak intensity of the orange-red emission.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Zinc oxide; Thin films; Sparking deposition

1. Introduction

Zn0 is an important [I-VI compound semiconductor
material due to its direct energy gap and large excitation
binding energy at room temperature. It has the unique optical
and electrical properties which can be used in a variety of
applications, such as high transmittance conductive oxide
coatings for solar cells [1], gas sensors [2], UV photodetectors
[3], and bulk acoustic wave resonators [4]. To deposit the ZnO
films, various methods have been used such as pulsed laser
deposition (PLD) [5,6], spray pyrolysis [7,8], and sol-gel
process [9]. Among these techniques, spray pyrolysis and sol—
gel process are relatively simple and inexpensive methods. In
contrast, the high-cost PLD method often gives typically high
orientation along c-axis as recently reported by Zhao et al. [10].

It is known that low intrinsic defects of single-crystalline
ZnO nanostructures are required for applications such as UV-
emitting devices [11,12] and UV detectors [13-15]. However,
the oxygen vacancy defects, crystal deficiencies and increased
specific surface area of ZnO nanostructures have also been
extensively investigated owing to their higher active sites for

* Comresponding author. Tel.: +66 53 941922x610; fax: +66 53 892271.
E-mail addresses: napnaptace(@yahoo.com, singjai(@chian gmai.ac.th
(P. Singjai).

0040-6090/% - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/.1s£.2007.07.062

photocatalytic activities [16—-18] and strong green emission
characteristic [19-21]. In this work, a novel sparking method to
deposit ZnO nanoparticle (NP) thin films on the quartz
substrates has been investigated. The structural, optical, and
electrical properties of the films were characterized by X-ray
diffraction (XRD), ionoluminescence (IL), UV-vis spectrom-
etry, and electrical resistance measurement.

2. Experiment

The sparking method for depositing ZnO nanodots was
recently reported by our group [22]. However a different scheme
using two sharp tips was demonstrated in this present work, as
schematically depicted in Fig. 1. The quartz substrates
(10=10x1 mm?>, Ted Pella, Inc., Redding, CA) were sonically
cleaned in acetone, distilled water, and ethanol, and then dried by
nitrogen gas blowing. The two sharp tips were prepared from the
zine wire (@ 0.38 mm, purity 99.97%, Advent Research Materials
Ltd). The tips were then placed horizontally at 3 mm spacing and
2 mm above the center of the substrate. The sparking occurred
when the 25 nF capacitor was charged to 10 kVand connected to
the two tips by the rotating switch. The experiment was done
repeatedly 50-200 times in ambient air at atmospheric pressure
with the sparking time of 3 s/spark. From our previous results
about nucleation mechanism of nanoparticles by sparking [22],
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Capacitor
25 nF 10 kV

Zinc wires

Fig. 1. Schematic diagram of the sparking apparatus.

the as-deposited films were pre-annealed at 380 °C for | h and
then annealed at 400-800 °C for another 1 h.

The surface mormphology, root-mean-square (rms) roughness,
and film thickness were characterized by atomic force
microscopy (AFM, Digital Instruments, Inc., Santa Barbara,
CA) by using tapping mode equipped with a standard Si tip and
operate at a scan size of 1 * 1 um” in air at room temperature and
scanning electron microscopy (SEM, JEOL JSM 6335F). The
crystal structure was investigated by X-ray diffraction (PANa-
lytical X’Pert Pro MPD) using CuKa radiation with =154 A
operating at 40 kV, 40 mA. The Raman spectra were obtained
with a 514.5 nm argon ion laser at room temperature (Jobin
Yvon Horiba T64000). The IL spectra were obtained with
1.7 MV He?™ at room temperature ( Tandetron accelerator) and
Ocean Optic S2000 spectrometer. Optical transmittances were
carried out in the range of 300 to 800 nm using UV-vis
spectrophotometer (Hitashi U-4100). The electrical resistance
of the films was measured between two gold-coated electrodes

of 10 mm in length and 2 mm apart at 200 °C.
3. Results and discussion

The surface morphology of the as-deposited films, as shown in
Fig. 2(a), is rather rough due to the irregular stacking of the particles
on the substrate. The corresponding SEM cross-section image, as
shown in Fig. 2(b), shows the film thickness of approximately
200 nm after 200 times of sparking. Fig. 2(c) displays the film
thickness as a function of the sparking number. Itis clearly seen that
the film thickness increased linearly from 50 to 200 nm with
increasing sparking to 200 times. In other words, the film depo-
sition rate by sparking process was approximately 1.0 nnv/spark.

AFM images of the as-deposited and annealed samples
(800 °C) were shown in Fig. 3(a) and (b). The rms roughness of
46, 45, 36 and 28 nm and the corresponding grain sizes of 30,
36, 42 and 44 nm were obtained from the as-deposited sample

and the samples annealed at 400, 500 and 800 °C, respectively
(Fig. 3c). The grain sizes obtained from AFM images are
slightly larger than those observed from SEM images, due to the
broadening effect of the tip-shape convolution [23].

XRD pattems as shown in Fig. 4, exhibit polycrystalline
structure of hexagonal wurtzite ZnO. Only a broad peak of
amorphous quartz was observed from the as-deposited sample
Diffraction peaks (26) of the annealed samples at 31.8°, 34.4°,
36.3°, 56.6°, 62.9°, and 67.8° correspond to (100), (002), (101),
(110), (103), and (112) planes, respectively. The peak intensities
increased with increase in the annealing temperature up to
600 °C at which the ZnO films were well-crystallized. In other
words, the transformation of the amorphous phase to the
polyerystalline ZnO films mainly occurred at 600 °C. However,

; + [0
200 + i
T |
< 150
§ 100+
< r "
k= r
50 T i
07\|\||||:|\|||\|}H||||:u||\u:||||||
0 50 100 150 200 250
Sparking number (times)

Fig. 2. SEM images of (a) the as-deposited ZnO thin films and (b) the cross
section image with sparking number of 200 times. (c¢) The thickness of the
sample as a function of the sparking numbers.
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Fig. 3. AFM images of (a) the as-deposited sample and (b) the sample annealed
at 800 °C. (c) The grain size and the surface roughness as functions of the
annealing temperature.

as the annealing temperature increased further up to 800 °C, the
intensities of XRD peaks were decreased. It was ascribed to
higher oxygen vacancy defects at that temperature and will be
discussed later herein.

Fig. 5 shows Raman spectra of the ZnO films grown by the
sparking method with an excitation of 514.5 nm line of argon ion
laser. The chemical fingerprint of the ZnO phase was confirmed by
the peaks centered at 438, 335, 580, and 1140 cm’ ! which
cormrespond to the Ea(high), the second order of Raman scattering,
the E;(LO), and the 2LO modes, respectively. It is noted that, the
peak intensities corresponding to the ZnO phase increased with
increasing the annealing temperature. However, the peaks centered
at 490, 800, and 1068 cm™ " are the optical phonon modes of the
quartz substrate, of which the peak intensities were likely

¥amorphous quariz (substrate)

Intensity (arb. units)

10 20 30 40 60 70 80

20 (deg.)

Fig. 4. XRD spectra of ZnO thin films of (a) the as-deposited sample and the
samples annealed at (b) 400 °C, (c) 600 °C, and (d) 800 °C.

unchanged by the annealing treatments. IL spectra of ZnO thin
films at room temperature consisted of two emission bands as
shown in Fig. 6. The green emissions were observed at 483 nm for
the as-deposited and the annealed samples at 400 and 600 °C, but
520 nm for the annealed sample at 800 °C. In contrast, the orange-
red peaks were observed at 650 nm for all samples. The green band
is known as a result of the singly ionized oxygen vacancies [24]
whereas the orange-red band cormresponds fo the excess oxygen
atoms (oxygen interstitials) [25]. It is noted that as the annealing
temperature increased from 400 to 600 °C, both emission intensities
increased. However, for the sample annealed at 800 °C, the green
emission peak shifted to a lower energy with increase in its intensity
whereas that of the orange-red emission decreased. Because the
kinetic energy of atoms in the ZnQ lattice was relatively high at
high annealing temperature, the escape rate of oxygen atom was
greater than the adsorption rate. Consequently, high oxygen
vacancies favorably formed in the ZnO lattice. This result was in
good agreement with the XRD result in Fig. 4.

Fig. 7 shows the optical transmittance spectra of the films asa
function of wavelength. The optical transmittance in the visible
region dropped with increasing the annealing temperature to the
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Fig. 5. Raman spectra of ZnO thin films of ZnO thin films of (a) the as-deposited
sample and the samples annealed at (b) 400 °C, (c) 600 °C, and (d) 800 °C.
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Fig. 6. Tonoluminescence spectra of ZnO thin films of (a) the as-deposited
sample and the samples annealed at (b) 400 °C, (c) 600 °C, and (d) 800 °C.

minimum transmittance at 600 °C. Furthermore, the optical
transmittance is also related to the film crystallization and
orientation, as shown in XRD patterns of Fig. 4 where the
increasing of crystallization decreased the optical transmittance.
Inset figure shows the plot of (ahv)® versus hv for obtaining
energy gap (E,), where « is the absorbance coefficient (o~ —In
T) and hv is the photon energy [26]. The E,, of 3.43, 3.28, 3.25,
and 3.24 eV were estimated for the as-deposited samples and the
samples annealed at 400, 600 and 800 °C, respectively. The Eg
of the samples slightly decreased with higher annealing
temperature. It was attributed that the formation of Zn(OH),
occurred in ambient air, which was subsequently removed by the
anncaling treatment [26].

Fig. 8 shows the electrical resistivity and the orange-red-
emission intensity as a function of the annealing temperature. The
resistivity increased from 1.3 to 9.1 k{) ¢m with increasing the
annealing temperature from 400 to 600 °C. Since, an ideal defect-
free ZnO film is an insulator [27], the well-crystallized sample
annealed at 600 °C had high resistivity. However, the annealing
treatment at 800 °C decreased the film resistivity as well as the
orange-red peak intensity. It is apparently seen that the film

100+ () as-deposited (b) 400 °C
ool \ Y, VSR
B8O+
_
Erot
de0f f
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2907 gy a0 (6}400°C
£ 30+ Eu 4
L b w0
20¢ 5
0
10+ 3 a2 h::(ne ” 36 38
0 : ! t t +
300 400 500 600 700 800
Wavelength (nm)

Fig. 7. Optical transmittance spectra of ZnQ thin films of (a) the as-deposited
sample and the samples annealed at (b) 400 °C, (c) 600 °C, and (d) 800 °C. Tnset,
the Tauc’s plot for estimation of the energy gaps of the films.

f ; , ;
{ } } } f f
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Fig. 8. The electrical resistivity and the intensity of orange-red emission of the
Zn0 films, as functions of the annealing temperature.

resistivity likely corresponded to the peak intensity of the orange-
red emission. It was suggested that the electrical resistivity of ZnO
decreased with decreasing the oxygen interstitials.

There is a strong indication of the red-shift of the green
emission of ZnQ which was previously discussed by many
groups [28,29]. Dijken and co-workers [28] reported that it was
due to an increasing of the particle size from 0.7 to | nm, which
leaded to the decreasing of the E,. Moreover, the band filling
was recently proposed for the red-shift of green emission with
aging time [29]. The later was likely to be the reason for the red-
shift in the case of our result. However, further investigation is
needed for a better understanding.

We suggest that the sparking of two zinc tips has some
advantages over the one tip [22], such as a simplified operation
and suitability for a large area substrate by multiple sparking in
arrays. In addition, the annealing conditions should be appropri-
ately selected for a desired application. For example, the annealed
sample at 800 °C has high potential applications for light emitting
devices due to its strong green emission. Whereas the as-
deposited and annealed samples at 400 °C have low resistivities
and high optical transmittances, therefore, they also have potential
applications for electrodes of solar cells and heat mirrors.

4. Conclusions

ZnO thin films were successfully synthesized by the
sparking method. The film thickness could be controlled with
deposition rate of 1 nm/spark. The rms roughness of the samples
decreased with increasing the annealing temperature, whereas
the grain size increased. The as-deposited films were mainly
amorphous which were transformed to polycrystalline ZnO by
the annealing treatments at temperature <600 °C. However,
oxygen vacancy defects increased and the red-shift of green
emission occurred as the samples were annealed at 800 °C. The
magnitude of film resisitivity likely corresponded to the peak
intensity of the orange-red emission.
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Abstract

Titanium oxide nanoparticles (NPs) were successfully prepared by sparking ofl two titanium tips into water for 1-5 h. The nanopar-
ticle-dispersed water was obtained for further characterization. The transmission electron microscopy result shows that the particle size is
in the range of 1-5 nm. The electron diffraction patterns and Raman spectra reveal that the as-prepared and the annealed samples at
250 °C are the anatase phase. However, the anatase—rutile phase transformation was observed from the samples at annealing temperature
as low as 500 °C. The result of methylene blue-decoloration testing under sunbath suggests that the NPs have good photocatalytic

property.
© 2007 Elsevier B.V. All rights reserved.

PACS: 6146.Df; 81.07.-b; 81.16.c

Keywords: Spark: Titanium oxide; Nanoparticles; Methylene blue

1. Introduction

Titanium oxide nanoparticles in the anatase phase have
been found active for photocatalytic degradation of inor-
ganic or organic compounds in the treatment of wastewater
as well asin solar cell [1-3]. The synthesis of TiO, NPsis an
important issue for utilizing in many applications [4-6].
Therefore, many methods have been extensively developed.
such as flame spray pyrolysis [7], hydrolysis [8], chemical
reduction [9], sol-gel [10] and gas matrix-assisted pulsed
laser evaporation [11]. However. in many cases a hazard-
ous byproduct formation is unavoidable when a titanium
compound, such as TiCl, is used as a precursor.

As is well known, there are three naturally occurring
phases: anatase, brookite and rutile phases in which the
anatase phase is most commonly utilized for photocatalytic
activity [12]. It is also known that surface properties of
TiO> NPs including their particle sizes and specific surface

* Corresponding author. Tel.: +66 53 941922x610; fax: +66 53 892271,
E-mail address: singjai@chiangmai.ac.th (P. Singjai).

1567-1739/8 - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/.cap.2007.10.004

area obviously influence the photocatalytic activities [13—
16]. Therefore, many research interests have recently devel-
oped alternative ways to prepare anatase TiO, NPs with
high specific surface area. In this work, colloidal TiO,
NPs were prepared by a novel. simple and clean method
as well as an environmental friendly means. Structural,
optical characterization and photocatalytic property of
the obtained NPs were investigated.

2. Experimental details

The sparking off two sharp titanium tips for preparation
of TiO, NPs were done in a glass bottle filled with 10 ml
distilled water. The two sharp titanium tips (& 0.25 mm,
purity 99.5%, Advent Research Material Ltd.) were pre-
pared by cutting with pliers and placed horizontally at
3 mm spacing (d) and 2 mm above a water level (h). As
schematically depicted in Fig. 1, the power supply for a
sparking voltage of 3 kV with a limited current of 3 mA
was connected to the apparatus. The NPs were then contin-
uously deposited into the water by the sparking for 1-5 h.
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DC Power supply
+ 3kV,3mA

Fig. 1. Schematic diagram of the sparking apparatus.

The NP-dispersed water was obtained and separated for
further characterizations.

TiO, NPs were deposited on quartz substrates
(1% 10 10mm?) by two drops of the NP-dispersed water.
The deposited samples were annealed at 250 and 500 °C in
air for 1h. The morphologies were observed by SEM
(JEOL JSM-6335F). The particle sizes and structural prop-
erties of the NPs were investigated by TEM (JEOL JEM-
2010) and Raman spectrometer with a 514.5nm argon
ion laser at room temperature (JOBIN YVON HORIBA
T64000). The optical properties were measured in the visi-
ble region by UV-vis spectrophotometer (Perkin-Elmer
Instruments). The transmittance spectra were analyzed
using the modified envelope method. which allows the
absorption coefficient to be determined.

The photocatalytic properties of the obtained colloidal
TiO> NPs at 1.0 vol% of 0.0l mM methylene blue (MB)
solution (Ajax Finechem) were investigated by measuring
the photocatalytic decomposition under sunbath for 1 h.
Variation in the concentration of MB was monitored by
UV-vis spectroscopy (Perkin—Elmer Instruments).

3. Results and discussion

Fig. 2a shows a photograph of TiO, NPs which were
prepared for 1-5 h in glass bottles filled with 10 ml of dis-
tilled water. Tt is noted that concentration of the NPs line-
arly increased with increasing the sparking time at the rate
of 0.74 mg/h, as shown in Fig. 2b. The primary particle
sizes and their size distribution of the as-prepared sample
at the sparking time of 1 h were in the range of 1-5nm,
as shown in Figs. 3a and 4, respectively. However, at the
longer sparking time of 5 h (Fig. 3b), density and agglom-
eration of the particles increased whereas the primary par-
ticle sizes were in the same range. The similar SAED
patterns of samples for sparking times of 1 and 5 h (insets
of Fig. 3a and b) have shown the five main sharp diffraction
rings of (101), (004), (200), (211) and (204) planes which
corresponded to the anatase (tetragonal) phase [17]. SEM
images in Fig. 5a. b and c¢ show the as-prepared TiO»

- " Slope = 0.74 mgih | {
3 30
2.5+ %
3 204 A
&
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Fig. 2. (a) Photograph of TiO, NPs deposited into 10 ml of distilled water
at various sparking time. and (b) total mass of the NPs vs. the sparking
time, obtained by hot-plate drying and weighing in a small aluminum-foil
crucible.

NPs deposited on quartz substrates by the two drops of
NP-dispersed water and the annealed samples at 250 and
500 °C for 1 h in air, respectively. It is noted that the par-
ticle size of the samples increased with increasing the
annealing temperature [18,19].

Fig. 6a shows the Raman spectra of the as-prepared
sample and the annealed samples at 250 and 500 °C. The
peaks corresponded to the anatase and rutile phases are
marked. It is noted that the anatase peaks at 148, 200,
405. 519 and 638 cm™! increased with increasing the
annealing temperature. This result is in good agreement
with the previous report that different TiO, crystalline
structures were obtained from different annealing tempera-
tures [20]. However, weak rutile peaks at 448 and 612 em™
were also observed from the annealed samples at 500 °C.
Interestingly, the anatase-rutile phase transformation tem-
perature in this work is lower than the reports of Xia and
co-workers and Kim and co-workers [21,22]. Tt is attrib-
uted that the high specific surface area of the smaller size
anatase TiO> NPs transformed to the rutile phase at the
lower temperature, as compared in Table 1 and Fig. 7.

Fig. 6b shows a relative intensity, a peak-center and a
full width at half maximum (FWHM) of the strong anatase
peak at approximately 148 cm™". It is known that the ana-
tase peaks strongly depend on the annealing temperature
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Fig. 3. TEM images and their corresponding SAED patterns of the as-deposited NPs at sparking times of (a) 1 h, and (b) 5 h.
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Fig. 4. Size distribution of the as-prepared TiO, NPs.

[20]. As apparently seen, the weak peak and the stronger
peaks were observed from the as-prepared sample and
the annealed samples, respectively. Under closer examina-
tion, the FWHM change and the peak-center shift are in
good agreement with the report of Zhang and co-workers,
as shown in Fig. 6c. These results were attributed to pho-
non confinement and non-stoichiometry effects [23].

The UV-vis transmission spectra of the samples pre-
pared as for Raman spectra are shown in Fig. 8. The light
transmittance (7) of approximately 90% was slightly chan-
ged within the wavelength range from 650 to 400 nm and
abruptly decreased to less than 5% from 395 to 350 nm.
The result has shown that the photon energy absorption
fairly corresponds to TiO, energy gap [24]. The inset of
Fig. 8 shows (ahv)? plotted as a function of the photon
energy (hv), where « is the absorption coeflicient;
o =In(1/T) [25]. By assuming that the electron transition
between the conduction and valence bands was a direct

Fig. 5. SEM images of (a) the as-deposited NPs on quartz substrate by
two drops of the NP-dispersed water, (b) the annealed sample at 250 and
(e) 500 °C.
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Fig. 6. (a) Raman spectra, (b) the main anatase peak and (c) plot of main
anatase peak and its FWHM against the as-prepared NPs, the annealed
samples at 250 and 500 °C.

Table 1
Comparison of anatase-rutile phase transformation temperature at
various particle sizes of TiO, NPs

Result from Mean diameter (nm) Transformation temperature (°C)

This work 3 500
Kimetal. [22] 11 650
21 750
Xiaetal 211 17 630
25 750
45 950

respectively. The obtained energy gaps were slightly blue-
shifted from bulk TiO,, which were reported to be 3.2 eV
for anatase and 3.0 eV for rutile [27]. Such the result was
attributed to the phonon confinement effect, crystalline
defects and/or oxygen defects [28].

Degradation of MB by colloidal TiO> NPs for various
sparking times under sunbath for 1 h is shown in Fig. Ya.
As we expected, the absorption peaks occurred commonly
at 665 and 292nm [29-31] and the peaks gradually
decreased with increasing of the sparking time from 1 to
5h. In other words, the degradation of MB gradually
increased with increasing concentration of the NPs. More-
over, fundamental photocatalytic activity of TiO, NPs was
investigated by a calibration using UV-vis absorption of
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Fig. 9. UV-vis adsorption spectra of (a) 10 uM MB solution containing
the as-prepared TiO, NPs at the various sparking times under sunbath for
1 h. and (b) dilute MB solution at the concentration range of 10-2.5 uyM
without Ti0: NPs. (¢) The decomposition rate of MB vs. the concentra-
tion of TiO, NPs.

dilute MB solution without TiO, NPs, as shown in Fig. 9b,
and the obtained mass of TiO, NPs, as shown in Fig. 2b. It
was found that the decomposition rate of MB at 10 uM
were in the range of 0.5-2.5x 10" mol/h for the solution

«— Water level

Water

Fig. 10. Schematic diagram of the nucleation mechanism of the NPs
prepared by the sparking off two Ti sharp tips.

containing TiO, NPs at the dilute concentration range of
1.0-3.67 pg/mL, as shown in Fig. 9c.

As shown in the TEM images of Fig. 3a and b. the
sparking time affected not only the concentration of TiO;
NPs but also the agglomeration to form bigger secondary
particles which reduced the specific surface area and hence,
the photocatalytic activity. However, TiO> NP concentra-
tion used in this work was diluted, therefore the decompo-
sition rate of MB apparently increased with increasing the
catalyst (Fig. 9¢). The effect of agglomeration on the reduc-
tion of photocatalytic activity is probably dominant at the
higher concentration of TiO; NPs.

The nucleation mechanism of NPs prepared by the
sparking process was primarily discussed in our previous
paper [32]. However, in the case of two Ti sharp tips, the
high temperature and pressure on molten Ti at the two
tip surfaces were generated by the bombardment of both
electrons and ions, as shown in Fig. 10.

4. Conclusion

In summary, the anatase TiO, NPs were successfully
prepared by the sparking off two titanium tips into water.
The obtained particle size is as small as -5 nm. The meth-
ylene blue-decoloration testing under sunbath suggests that
the colloidal TiO» NPs prepared by this present work have
good photocatalytic property. Thus, we suggest that the
sparking process can be used to prepare many other colloi-
dal metal/metal-oxide NPs.
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