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We developed step edge decoration method for the fabrication of semiconductor ZnO nanodots and
nanowires using pulsed laser deposition. We synthesized high quality ZnO nanowires with the small
diameter of about 20 nm and the uniform interval of about 80 nm between each nanowire, which
has a simple structure for the formation of contact electrodes. The ZnO nanowire-based sensor was
prepared only with the simple process of a gold electrode formation. The ZnO nanowire-based
sensor exhibited the high surface-to-volume ratio of 58.6 um~' and the significantly high sensitivity
of about 10 even for the low ethanol concentration of 0.2 ppm. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2967871]

Recently, “step edge decoration” method emerged as an
alternative process producing horizontally oriented nano-
wires at step edges.lf5 The step edge decoration usually pro-
duces relatively thicker nanowires with hundreds nanometer
diameter (or width) than those produced b;/ other vapor
phase based nanowire synthesis methods.*” In addition,
nanowires prepared by step edge decoration are composed of
mixtures of nanowires and nanodots, since simultaneous for-
mation of nanodots occurs on terraces besides the formation
of nanowires along the step edges and their size distributions
are considerably large.G’7

Meanwhile, ethanol sensors have been widely used in
biomedical and chemical industries, for the inspection of
wine quality, food degradation, and breath analysis.g_11
Semiconductor nanowires including SnO,, TiO,, Fe,03, and
ZnO have been widely studied for general purpose gas sen-
sor applications since nanowire sensors have high sensitivity
resulting from their high surface-to-volume ratio.'? Among
various semiconductor nanowiresbased sensors, ZnO
nanowire-based sensors showed relatively high sensitivity
for ethanol sensing.&]0 In this study, well controlled and lo-
calized ZnO nanodots and nanowires were formed at step
edges without unnecessary formation of nanodots on ter-
races. ZnO nanowire sensor was fabricated only with photo-
lithography and high sensitivity was achieved.

ZnO nanodots and nanowires were deposited on (0001)
sapphire substrate by eclipse pulsed laser deposition (PLD)
method. To prepare uniform terraces on (0001) sapphire
substrate, we annealed a miscut sapphire substrate at
1200 °C for 1 h. Commercially available 1 in. ZnO target
was used for the laser ablation. A frequency tripled (355 nm)
neodymium-doped yttrium aluminum garnet laser was used
for the deposition with a target-to-substrate distance of 5 cm
and the laser power was approximately 2 J/cm?. After the
base pressure of ~5X 1077 Torr was reached, we used opti-
mum deposition conditions of growth temperature of
700 °C and the oxygen partial pressure of 100 mTorr. Gold
electrodes were formed by evaporation and they were an-
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nealed at 400 °C for 30 min. For the ethanol gas-sensing
measurement, ethanol-air mixed gas was introduced into the
testing tube at room temperature. The total gas flow rate of
about 1 1/min was passed through the quartz tube. For the
ZnO nanowire gas sensor, resistance as a function of time
was measured in the ethanol concentration ranges of
0.2-200 ppm by a Keithley 4200 system.

Since step edges of terraces are energetically favorable
for the nucleation of adatoms, low deposition rate is favor-
able for producing localized nucleation at step edges of
terraces.” To minimize the ZnO deposition rate, we used low
laser pulse repetition rate of 2 Hz and a shadow mask which
blocks direct ZnO plume generated by laser ablation. Most
ZnO adatoms in the ZnO plume are blocked by the shadow
mask and a very small number of ZnO adatoms can immi-
grate into the substrate surface by scattering with oxygen
ambient gas. Thus, oxygen partial pressure directly influ-
ences the immigration of ZnO adatoms which affects the
ZnO deposition rate. We determined the optimum oxygen
partial pressure as 100 mTorr by measuring the ZnO thick-
ness and observing the shape of ZnO plume which distin-
guishably changes its shape with the variation of oxygen
partial pressure. After all, we achieved very low deposition
rate of 0.04 A/pulse, resulting in well localized ZnO nucle-
ation at step edges of terraces.

ZnO nanostructures showed high crystallinity at high
growth temperature above 600 °C, which was confirmed by
comparisons of full width at half maximum (FWHM) values
for x-ray diffraction (002) peak of ZnO nanostructures and
thin films. In addition, ZnO nanodots and nanowires exhib-
ited poor uniformity in their sizes for low growth tempera-
ture below 600 °C and high growth temperature above
800 °C. Thus, we determined the optimum growth tempera-
ture as 700 °C. As the deposition proceeds, ZnO nanostruc-
tures change their shapes from nanodots to nanowires, as
shown schematically in Fig. 1.

First, we observed morphological features of terraces,
nanodots, and nanowires by atomic force microscope
(AFM), as shown in Fig. 2. By annealing the substrate at
proper conditions, well aligned terraces with the uniform in-
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FIG. 1. (Color online) Schematic draws of (a) uniform terraces formed on
Al,Oj3 substrate, (b) nanodots grown on terrace, (¢) nanowires grown on
terrace, and (d) nanowire-based gas sensor on terrace.

terval of about 80 nm between each terrace were formed on
(0001) sapphire substrate surface [Fig. 2(a)]. For the ZnO
PLD of 120 laser pulses, ZnO nanodots were formed with
the diameter of about 5 nm, with the standard deviation in
diameter of about 0.8 nm [Fig. 2(b)]. Here, we defined diam-
eter as the FWHM of profile from AFM measurement
(shown as insets in Fig. 2). As the number of laser pulses
increases, the diameter of nanodots also increased accord-
ingly. For 190 laser pulses, the diameter of ZnO nanodots
was about 10 nm with the standard deviation of about
0.6 nm [Fig. 2(c)]. When laser pulses increase above 190
times, nanostructures of a dumbbell shape were observed
resulting from coalescence of each nanodots (not shown).
After this, these nanostructures became connected to each
other to form continuous nanowires. For 340 laser pulses,
well aligned ZnO nanowires with the diameter of 20 nm and
the thickness of 15 nm were obtained and the standard de-
viation of the diameter was approximately 1.4 nm [Fig.
2(d)]. All these ZnO nanodots and nanowires with uniform
size distribution were well localized only at the edges of
terraces.
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FIG. 2. (Color online) AFM images of (a) terraces formed on Al,O5 sub-
strate, (b) nanodots with the diameter of about 5 nm grown on terrace, and
(c) nanodots with the diameter of about 10 nm grown on terrace. (d) Nano-
wires grown with 20 nm diameter on terrace,
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FIG. 3. PL intensities as a function of photon energy for nanodots with the
diameter of about 5 nm grown on terrace, nanodots with the diameter of
about 10 nm grown on terrace, and nanowires grown with 20 nm diameter
on terrace.

We measured photoluminescence (PL) spectra of ZnO
nanostructures excited by He-Cd laser (325 nm) at room
temperature (Fig. 3). The PL spectrum of ZnO nanowires
with the diameter of 20 nm has the PL peak position at
3.22 eV which is similar to the PL peak position of ZnO thin
films."® For ZnO nanodots, we observed blueshift in PL peak
positions at 3.31 and 3.24 eV for diameters of 5 and 10 nm,
respectively. As the size of nanodots decreases, the PL peak
position shifts to high photon energy, which is 0ri§inated
from quantum confinement effects of ZnO nanodots.'" In ad-
dition, these PL peaks have low FWHM values below 0.1 eV
indicating uniform size distributions.

We fabricated an ethanol gas sensor consisted of these
ZnO nanowire array, as shown schematically in Fig. 1(d).
The gas sensor consists of 24 nanowires with the exposed
length of about 10 wm [Fig. 4(a)]. The surface-to-volume
ratio of this ZnO nanowire-based sensor was calculated to be
about 58.6 um™! from the width of 20 nm (the thickness of
15 nm) and the exposed length of about 10 um for ZnO
nanowires. This high surface-to-volume ratio is due to the
high aspect ratio of nanowires (AR ~ 500). We measured the
current as a function of voltage for the ZnO nanowire gas
sensor in air environment, confirming that these ZnO nano-
wires have no disconnection up to a macroscope scale about
10 wm. Au electrodes showed good Ohmic contact with ZnO
nanowires [Fig. 4(b)]. The resistivity of the individual ZnO
nanowire in air environment was calculated to be about
0.2 Q cm from the resistance of the ZnO nanowire-based
Sensor.

We obtained sensing characteristics in terms of sensitiv-
ity, which is represented by R,/ Ry,s, Where Ry, is the resis-
tance in atmospheric air and R, is the resistance in ethanol
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FIG. 4. (a) Scanning electron microscopy image of the ZnO nanowire gas
sensor; {b); Voltage: dependence, of current for-ZnQ nanowite-ges sensor.
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FIG. 5. (a) Response and recovery characteristics of ZnO nanowire gas
sensor. (b) Sensitivities as a function of ethanol concentration.

gas environment. As Fig. 5(a) shows, the ZnO nanowire-
based sensor well responded to the variation of ethanol con-
centrations. The ZnO nanowire sensor exhibited good sensi-
tivity (Ryir/ Ryy) Of about 10 even for the minimum ethanol
concentration of 0.2 ppm. When we increased the ethanol
concentration in ethanol-air mixed gas, an increment in sen-
sitivity was clearly observed. The ZnO nanowire sensor
showed the sensitivity of about 70 under the condition of the
increased ethanol concentration of 150 ppm.

The operating mechanism of ZnO nanowire-based etha-
nol sensor is similar to other semiconductor gas sensors,
which is based on the variation of electrical properties result-
ing from the adsorption of an analyzed to the surface of
sensor materials.'” Sensitivities as a function of ethanol con-
centration shows saturation, which indicates that ZnO nano-
wires become completely conductive surface and even inside
of ZnO nanowires over the ethanol concentration of about
150 ppm [Fig. 5(b)]. Consequently, the ZnO nanowire sensor
has the significantly high sensitivity especially in a relatively
low ethanol concentration region.

The ZnO nanowire sensor fabricated in this study has
shown better sensitivity than most of the previous reported
ZnO nanowire-based and carbon nanotube-based ethanol
sensors [Fig. 5(a)].2115718 Ror example, Wan et al. reported
the fabrication of ZnO nanowire sensors with sensitivities of
47 at ethanol concentration of 200 ppm and 1.9 at the etha-
nol concentration of 1 ppm based on microelectromechanical
system technology.15 We attribute the high sensitivity of the
ZnO ethanol sensor fabricated in the current study to the
high surface-to-volume ratio, very large length, and high
crystallinity of the ZnO nanowires synthesized by PLD.
More importantly, it should be noted that a simple device
fabrication scheme without using e-beam lithography or dis-
persion of nanowires was enabled by in situ formed horizon-
tal nanowire array synthesized by step edge decoration
method.
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In summary, we fabricated well arranged ZnO nanodots
of 5 and 10 nm diameters and well aligned ZnO nanowires
with 20 nm diameter at the edge of terrace steps on the sap-
phire substrate by the step edge decoration with eclipsed
PLD. ZnO nanostructures of nanodots and nanowires were
localized at step edges of terraces on sapphire substrate with-
out any deviation from step edges. Quantum confinement
effects as size effects were observed in the PL spectra of
ZnO nanostructures. The ZnO nanowire-based sensor exhib-
ited the high surface-to-volume ratio of 58.6 um™' and the
significantly high sensitivity of about 10 even for the low
ethanol concentration of 0.2 ppm.
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