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a b s t r a c t

Transferable ZnO tetrapods were grown by an aqueous solution method. An individual ZnO tetrapod-based
sensor was fabricated by in situ lift-out technique and its ultraviolet (UV) and gas sensing properties were
investigated. This single tetrapod-based device responds to the UV light rapidly and showed a recovery
time of about 23 s. The sensitivity of a single ZnO tetrapod sensor to oxygen concentration was also
investigated. We found that when UV illumination is switched off, the oxygen chemisorption process will
dominate and assists photoconductivity relaxation. Thus relaxation dynamics is strongly affected by the
ambient O2 partial pressure as described.

We also studied the response of ZnO tetrapod-based sensor in various gas environments, such as
100 ppm H2, CO, i-butane, CH4, CO2, and SO2 at room temperature. It is noted that ZnO tetrapod sen-
sor is much more sensitive to H2, i-butane and CO. It is demonstrated that a ZnO tetrapod exposed to both
eywords:
abrication
nO nanorod
nO tetrapod
V sensor

UV light and hydrogen can provide a unique integrated multiterminal architecture for novel electronic
device configurations.

© 2009 Elsevier B.V. All rights reserved.
as sensor
inc oxide

. Introduction

At present, there exists emerging interest in the applications
f wide-bandgap semiconductor nanomaterials. Devices based on
anoarchitectures such as nanowires, nanotubes and nanorods
ave attracted vast and persistent attention for a variety of appli-
ations, including detecting ultraviolet (UV) radiation, gas sensing,
nd detecting chemical and biological molecules [1–10]. Detection
f UV radiation is important in a number of applications like flame
ensing, missile plume detection, space-to-space communication,
stronomy and biological research [5,9–12]. Among different wide-

andgap materials used in UV detectors, zinc oxide has a high
xciton binding energy of 60 meV [13], a room temperature direct
andgap of �Eg = 3.37 eV, and is transparent in the visible region
14]. ZnO is chemically more stable and capable of operation at

∗ Corresponding author at: Department of Microelectronics and Semiconductor
evices, Technical University of Moldova, 168 Stefan cel Mare Blvd., Chisinau MD-
004, Republic of Moldova. Tel.: +373 22 509914; fax: +373 22 509910.
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how@mail.ucf.edu (L. Chow), guangyuchai@yahoo.com (G. Chai).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2009.07.011
much higher temperatures than Ge or Si [15]. ZnO also has an
ability to operate in harsh environments and is radiation resilient
[16–18]. It possesses a combination of attractive and unique opti-
cal, piezoelectrical, sensing and magnetic properties [14,19,20]. It
has been demonstrated that ZnO nanorods and nanowires exhibit
many unique properties associated with their shape anisotropy and
high thermal and chemical stability [14,21]. Thus, the main driving
force of extensive studies on micro- and nano-ZnO is the potential
of new or better photonic and electronic devices that could have a
huge commercial impact [22].

Several reports [5,9,11,12,23] have demonstrated that single ZnO
nanorod/nanowire UV radiation and gas sensing devices have the
advantages of cost-efficiency, miniaturization and low-power con-
sumption. Due to the high aspect ratio of nanorod/nanowire, the
active volume that contributes to the dark current is much smaller
than that of a conventional detector. It has been suggested that,
the detection sensitivity may be improved to a single photon or a

single-molecular detection level [24] if the active volume can be
further reduced.

Recently, it has been demonstrated that ZnO readily self-
assembles into a diversity of nanocrystalline structures [19],
branched nanorods [8,25], nanorod crosses [10], tetrapods [26],

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:lupan@physics.ucf.edu
mailto:lupanoleg@yahoo.com
mailto:chow@mail.ucf.edu
mailto:guangyuchai@yahoo.com
dx.doi.org/10.1016/j.snb.2009.07.011
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The synthesis of tetrapods ZnO nanostructures is based on solu-
tion chemistry which involves different competing kinetics as well
as growth regimes [7,36–38]. Upon supersaturation, ZnO nucleates,
forming the zinc blende core of growing tetrapods [36–38]. Zinc
blende (ZB) and wurtzite (W) have subtle structural differences and
12 O. Lupan et al. / Sensors and

anorod-based spheres and radial spherical structures [27,28], etc.
hese unique structures of ZnO branched rods [8,10] and ZnO
etrapods [29,30] with natural junction attracted interest as pos-
ible building blocks of novel devices. ZnO branched rods, crosses
nd tetrapods are used in sensor fabrication, as novel multitermi-
al devices. In this way, these sensors can provide several different
ignals at the same time. The first report of electrical contacting of
ingle CdTe tetrapod was fabricated by Alivisatos and coworkers in
005 [31]. Newton et al. [30] have reported the first ZnO tetrapod
chottky photodiodes in 2006 and tetrapod diodes photoresponse
n 2008 [32]. Zhang et al. [33] showed that individual ZnO tetrapod

ultiterminal sensor can yield simultaneous multiple responses to
single input signal. Chai et al. [10], on the other hand, fabricated

he first cross ZnO nanorod UV sensor in 2008. The main advantages
f these types of nanostructure sensors are: (a) their multitermi-
al nature and (b) the junctions between different terminals, and
c) new functionality that may associate with these junctions. For
xample in a recent report, Huh et al. [29] suggest that the junction
lays a decisive role in the electrical characteristics of the ZnO tetra-
od devices. Such a sensor has an additional unique feature, which

s not available in the usual nanowire-based gas sensors. Thus, the
nhanced sensitivity is expected due to the junction.

So far, the ZnO tetrapods sensor reported were synthesized
y chemical vapour transport technique. Here we applied the in
itu lift-out technique to the zinc oxide tetrapods prepared by an
queous solution method and report the fabrication of a sensor
tructure that uses the characteristics of a single ZnO tetrapod.

e present in detail investigations on synthesis, sensor fabri-
ation and on photoresponse of ZnO tetrapod electronic device.
he UV induced changes in surface potential are readily mani-
ested itself as a change in resistance of the single ZnO tetrapod.

e suggest that these multiterminal devices are very sensitive.
he gas sensing characteristics of this device are also described
ere.

. Experimental details

This work was made possible by our recent success in synthe-
izing the ZnO crosses by a simple, cost-efficient and rapid aqueous
olution method [25]. Transferable ZnO tetrapods were grown by a
olution of zinc sulfate and ammonia in a hydrothermal reactor with
lass substrate mounted inside. The system was heated at 90–98 ◦C
or 15 min and cool down naturally without stirring.

Afterward, substrates were washed with distilled water sev-
ral times and then dried in a hot air flux at 150 ◦C for 5 min.
nO nanorods with different architectures were also prepared
ith the same procedure. This technique was also extended for

arious zinc oxide and tin oxide micro- and nanoarchitectures
7,10,25,27,28,34,35].

The crystalline structure of ZnO tetrapods was analyzed by X-
ay diffraction (XRD) using a Rigaku “D/B max” system with CuK�

adiation (� = 1.54178 Å). Samples were measured in a continuous
can mode with a scanning range of 10–90◦ (2�) and a scanning
ate of 0.01◦/s. Peak positions and relative intensities of XRD were
ompared to values from Joint Committee on Powder Diffraction
tandards (JCPDS) card for ZnO (JCPDS 036-1451).

The morphology of the ZnO nanostructures was studied using
scanning electron microscope (SEM, JEOL) and scanning trans-
ission electron microscopy (TEM) (FEI Tecnai F30 TEM) equipped
ith EDS.

The current–voltage (I–V) characteristics were measured using

eithley nanovolt meter (1E−9 V to 1000 V) with an input

mpedance of 2.00 × 108 � to monitor the voltage drop across the
evice. Also, we use Keithley current source as the power supply
range down to 1E−9 A) to run 1E−9 A through the device. The
urrent is small enough to eliminate the Joule heating effect. Instru-
tors B 141 (2009) 511–517

ments were connected to a LabView programmed data acquisition
to record the data in continuous mode.

The UV source used in the photosensitivity responses and
current–voltage (I–V) characteristics measurements consists of an
LED light source (RLT360) with a peak wavelength of 361 nm and
a full width at half maximum (FWHM) of 10 nm [10]. The viewing
angle of the LED is 10◦ and the peak power output of the LED esti-
mated using the LED specification and the geometry of the setup
was 0.7 mW. The readings were taken after a UV light was turned
on as was described in detail elsewhere [10]. The photoresponses
were measured at relative humidity (RH %) of 60% in a test cham-
ber. The focused ion beam (FIB/SEM) instrument was employed
to fabricate the microscale sensor. An O2 sensitivity test was per-
formed. The tetrapod sensor was loaded into the test chamber
with electrical feed-through. After the chamber was evacuated to
5 × 10−4–1 × 10−5 Pa and heated to 140–150 ◦C for 30 min to remove
adsorbed oxygen from tetrapod surface. Then the chamber was
cooled to room temperature (25 ◦C) and was introduced into dilute
O2 (200–600 ppm) balanced with N2 gas.

The gas sensing measurements were performed by using sensor
mounted in a closed quartz chamber connected to a gas flow system.
The concentration of test gases was measured using pre-calibrated
mass flow controller as was described elsewhere [7,8].

3. Results and discussion

3.1. Material characterization

Fig. 1 shows the X-ray diffraction (XRD) pattern for ZnO
tetrapods fabricated by an aqueous solution technique on glass
substrate. For all synthesis conditions, XRD data presents only
peaks corresponding to hexagonal wurtzite ZnO structure with lat-
tice constants a = b = 0.3249 nm, c = 0.5206 nm. No diffraction peaks
from other impurity phase can be detected.

Scanning electron microscopy (SEM) is used to examine the
surface morphology and to estimate the obtained structure uni-
formity on substrate. A representative SEM micrograph of the ZnO
nanostructures obtained by an aqueous solution technique on glass
substrate is shown in Fig. 2.
Fig. 1. XRD pattern from ZnO tetrapods on glass substrate.
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ig. 2. Scanning electron microscope images of the ZnO micro-architectures on a
lass substrate. Scale bar is 10 �m.

small difference in the internal energies (≤20 meV/atom), which
auses the well-known W–ZB polytypism [36–38]. The mecha-
ism of growth can be explained as follows: each of four wurtzite
ods/segments grows outward (Fig. 3a) from the ZB nucleus by the
ddition of Zn+ and OH− ions in the complex solution. This tetrapod
tructure results from nucleation in the cubic zinc blende phase
ith subsequent anisotropic growth in the hexagonal wurtzite
hase [39,40].

ig. 3. Secondary electron images showing the ZnO tetrapod and the steps of the in
itu lift-out fabrication procedure in the FIB/SEM system. (a) A single ZnO tetrapod
n Si substrate, viewed directly from above along the z axis. (Insert shows side view
f the ZnO tetrapod.) (b) The tungsten needle with an intermediate rod is attached
o one of the legs of a ZnO tetrapod selected for sensor fabrication. It is placed next to
xternal electrical connections. Insert is the glass substrate with Cr/Au depositions as
ontact electrodes (10 �m scale bar). (c) The ZnO tetrapod is placed on the substrate
nd next to external electrodes. (d) The ZnO tetrapod after connecting its three legs
o the three external connections. Insert shows side view of a single ZnO tetrapod
ensor. The scale bar is 3 �m.
tors B 141 (2009) 511–517 513

3.2. Sensor fabrication and characterization

For the sensor fabrication, a SiO2 coated Si wafer was used as
intermediate substrate for tetrapods transferring. This intermediate
substrate has a very low density of tetrapods which is convenient for
further pick-up using in situ lift-out technique. ZnO tetrapods were
transferred from the glass substrate (Fig. 2) to Si substrate (Fig. 3a)
by direct contact of their faces. Silicon substrate was prepared using
technique described elsewhere [25,27].

To separate an individual ZnO tetrapod for further processing
an in situ FIB micromanipulator needle is used for the in situ lift-
out purpose. Details on in situ lift-out procedure are described in
our previous works [7–10]. We found that it is much more difficult
to fabricate individual tetrapod-based devices in comparison with
the single nanorod/nanowire devices. The main difficulties which
have to be overcome are: (a) an individual ZnO tetrapod has to be
transferable from one substrate (Fig. 2) to another (Fig. 3a); (b) the
angles of tilt in the FIB chamber must be well aligned with both the
initial substrate (Fig. 3a) and template substrate (Fig. 3b); (c) FIB
needle with tetrapod (Fig. 3b) must be positioned very accurately
with high precision in order to avoid break of the tetrapod junction.
Three metal contacts were fabricated in order to connect external
Au electrodes with the three legs of an individual ZnO tetrapod on
the substrate (Fig. 3b). The fact that tetrapod is a 3D object makes
it more difficult in general.

Currently there are no detailed illustrations of the fabrication
steps in the literature related to the handling of single ZnO tetra-
pod. We illustrate here in detail the in situ lift-out procedures for
individual tetrapod.

An in situ Kleindiek micromanipulator was mounted indepen-
dent of the stage inside the FIB instrument. It permits the spatial
resolution of a 1–2 nm along z direction and about 5–10 nm for the x
and y directions. For the multiterminal device fabrication, the glass
substrate was used and Cr/Au electrodes were deposited as tem-
plate with external electrodes/connections (see insert in Fig. 3b).
The needle used for the lift-out step was electro-polished tungsten
wire.

Fig. 3a shows a single ZnO tetrapod rests on a Si substrate. We
can see that in the transfer process only a very small fraction of
tetrapods were transferred to the new Si substrate. This will facili-
tate the in situ FIB fabrication of the tetrapod devices. A side view
of an individual tetrapod is shown in the insert of Fig. 3a. Closer
observation (Fig. 3a, insert) reveals that the tetrapod has its three
legs touching the Si substrate and one arm pointing upward and
perpendicular to the substrate surface. Thus, it consists of four
hexagonal rods growing from a common core at tetrahedral angles
to a central junction. It can be observed that all grains of the hexag-
onal rods are perfectly aligned (Fig. 3). These rods have a uniform
diameter along their length. The hexagonal cross-sectional radius
was about 300 nm and the length of each leg was about 3000 nm.
An advantage of tetrapods is that it will spontaneously orientate
with one arm directed upward and the other three legs contacting
the substrate. This arm may be used later as an antenna in wire-
less micro/nanosystems, or as an arm for surface-functionalization
strategies, etc.

First the intermediate nanorod was attached to the FIB micro-
manipulator tip as described in our previous work [7,8]. From our
past experience [7–10], we found that attachment of a single inter-
mediate nanorod on the FIB micromanipulator tip will permit an
easy pick-up of the selected tetrapod to be further handled. Next,
the tip of the intermediate nanorod is brought into focus and is

lowered toward the ZnO tetrapod. Let the tip positioned at one leg
of the ZnO tetrapod, and connected to one leg of the ZnO tetra-
pod as shown in Fig. 3b. Then the FIB enhanced CVD is used to
deposit 0.5 �m thickness Pt thin film to join the tip to one leg of
ZnO tetrapod.
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for UV sensor applications.
The abrupt change of the spectral response correlates with the

high crystalline quality of the ZnO tetrapod as an active layer
[44,45].
ig. 4. I–V characteristics of the single ZnO tetrapod device through leg pair 1–2.

In the next step, the tetrapod was transferred and then mounted
ith one leg to the template substrate by using FIB enhanced CVD
ith Pt deposition (Fig. 3c). The tetrapod is cut from an anchor

oint (end of intermediate point nanorod) and the needle is raised
way from the substrate (Fig. 3c). Fig. 3d shows the fabricated single
etrapod-based sensor with three legs connected to external elec-
rodes. The fourth arm is pointing upward. The main advantage of
his in situ lift-out procedure is a quick verification/testing of the
oncept of the design of novel devices and is compatible with the
abrication of micro/nanoelectronic devices.

The current–voltage (I–V) characteristics (Fig. 4) showed a linear
ehavior between the electrodes on ZnO tetrapod legs. We have also
tudied I–V dependence through all three possible combinations
p to 6 mV. Since all the connections through leg pairs displayed
imilar bias characteristic, only results from 1 to 2 is presented here
o avoid repetition.

To study the sensitivity of a single zinc oxide tetrapod sensor to
V radiation, device was subjected to irradiation with 361 nm UV

ight in ambient with electrical resistance monitoring. The UV radia-
ion applied perpendicular to the substrate surface. The background
tmosphere was ambient air. It is expected that ZnO tetrapod will
e sensitive to UV light of wavelength shorter than 380 nm. We also
tudied the spectral response of individual ZnO tetrapod sensor to
ight with wavelength in the range 320–500 nm.

According to results presented in Fig. 5 when the UV light was
urned on, the electrical resistance shows an exponential decay
ith a time constant of ∼45 s. This could be explained by surface

rocess – fast desorption of the chemisorbed oxygen species at the
urface of ZnO tetrapod and then by bulk process. The sensor sen-
itivity can be defined as the ratio of the resistivity before and after
V exposure [41].

When the UV light was turned off, the recovery of the resistance
eems to be twice as fast (∼23 s). This could be explained by two
rocesses – one related to surface adsorbed species and second one
o volume process as will be discussed below. We measured the
esistance change between each pair of legs. The tetrapod device
ives rapid responses to the UV light and showed faster recovery
ime.

The UV sensing phenomenon occurs because of variation in the

harge carrier density. After turning on the UV light, the charge
arrier density increases as a result of electron–hole (e−–h+) pair
eneration. This will reduce the resistance of ZnO tetrapod (Fig. 5).
s can be observed from Fig. 5 the increase rate of the resistance
Fig. 5. The resistance change of the ZnO tetrapod-based sensor under UV irradiation.
Characteristics are shown for leg pair 1–2.

is different for case when turning off the UV radiation compared
to decrease rate upon UV illumination. This suggests that e−–h+

recombination rate in the ZnO tetrapods is slow, and this could be
beneficial for further studies of photocatalytic activity. This effect
was observed in several previous reports [10,42,43]. It is suggested
that this rate is not only controlled by the oxygen concentration in
the test chamber but also affected by the recovery of the modified
surface chemistry [42]. This could be one of the main reasons of the
increase rate in Fig. 5. The holes could interact with other types of
negatively charged species on the ZnO surface [10,42,43].

Fabricated multiterminal sensor was exposed to UV–vis light
in order to investigate spectral response. Fig. 6 shows the spectral
response of the individual ZnO tetrapod-based sensor measured
with the aid a Xe arc lamp dispersed by a monochromator. The
light was modulated with a mechanical chopper. The relative spec-
tral response was determined for wavelength 320–500 nm. The
maximum UV photoresponse of a single ZnO tetrapod sensor was
found in wavelength range from 320 nm to about 375 nm, where it
remains almost constant (down to 320 nm). A sharp absorption cut-
off at about 370–375 nm that corresponds to the bandgap energy of
zinc oxide was reached. In addition, there was a broad absorption
band around 450 nm, which could be due to the photocarriers from
traps within the bandgap. According to our experimental results,
the relative response is linear, which is shown in the insert in Fig. 6.
All measurements are reproducible, which demonstrate suitability
Fig. 6. Typical spectral response of the ZnO tetrapod sensor measured the identical
intensity of 300 nW/cm2. Insert shows relative response versus bias voltage.
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H2 and CO gas is significantly higher than that of the other gases.
O. Lupan et al. / Sensors and

The UV detection with a single ZnO tetrapod could be influ-
nced by two processes as was mentioned above. First one is related
o surface adsorbed species and second one to volume process.
he photoresponse mechanism can be explained by the generation
f the electron–hole (e−–h+) pairs under irradiation with photon
nergy higher than the bandgap. The oxygen molecules adsorbed on
he ZnO surface also play an important role in UV response. Initially,
he adsorbed oxygen molecules captured/deprived of the free elec-
rons in the ZnO tetrapod form a low-conductivity depletion region
nd become oxygen ions (O2

−, O− or O2−) on the surface of the
nO tetrapod. This reduces the net carrier density in the nanowires
onductance channel:

O2 (g) ↔ O2 (ad), O2 (ad) + e− → O2
− (ad),

O2
− (ad) + e− → O2

2− (ad) → 2O− (ad),

1
2 O2 + e− → O− (ad), or 1

2 O2 + 2e− → O2− (ad). (1)

It is necessary to point out that the types of chemisorbed
xygen species depend strongly on the temperature. At lower tem-
eratures, O2

− is usually chemisorbed. However O− and O2− are
ommonly chemisorbed at higher temperatures, while O2

− disap-
ears rapidly.

Upon UV light exposure at photon energy above the bandgap
Eg), electron–hole pairs are generated (h� → e− + h+) in the tetra-
od legs. Holes migrate to the surface and react with negatively
harged adsorbed oxygen ions on the surface and reduce depletion
egion:

h+ + O2
− (ad) → O2 (g), h+ + O− (ad) → 1

2 O2, or

2h+ + O2− (ad) → 1
2 O2. (2)

Oxygen species is photodesorbed from the surface and unpaired.
lectrons (remained from electron–hole pairs) will be free and will
ontribute to decrease the depletion width and the resistance of the
nO nanoleg.

Thus conductance increases, but entire process is partially
ependent on the ambient atmosphere. The quantity of the sur-

ace oxygen species on the ZnO tetrapod in vacuum is much smaller
han that in the air. So in air carrier density is lower than that in vac-
um due to trapping electrons by adsorbed oxygen species (Eq. (1)).
nder the UV illumination the carrier density is increased because

f electron–hole pairs generation and unpaired electrons (Eq. (2)).
herefore the relative change (relative response) in air is about 6%
nd is larger than that under vacuum (Fig. 7).

In order to verify our proposed mechanism of sensing, an O2
ensitivity measurements/test was performed. This process sug-

ig. 7. Sensitivity to UV light and oxygen concentration of a single ZnO tetrapod
ensor. Oxygen gas was added with N2 as buffer gas into the chamber.
tors B 141 (2009) 511–517 515

gests that an optical gating is operating within nanorod legs. It is
expected that thinner nanowires may enhance the sensitivity of the
device because of large surface-to-volume ratio. This could lead to
the fabrication single photon detection or a single-molecular detec-
tion level [24] device, due to reduction of the effect of volume/bulk
process in detection. In this case surface process due to fast des-
orption of the chemisorbed oxygen species at the surface of ZnO
tetrapod could be decisive in photoresponse.

ZnO tetrapods have potential application as chemical gas sensors
due to chemisorption. Chemisorbed gas molecules on a surface have
chemical bond that will either donate or accept electrons to the ZnO
[43–47].

Relative responsivity is defined as:

S = RO2 − RVacuum

RVacuum
× 100%, (3)

where S is the relative responsivity, RVacuum the electrical resistance
in vacuum (5 × 10−4 Pa), and RO2 is the electrical resistance in oxy-
gen atmosphere. Fig. 7 shows the responsivity under various oxygen
pressures. This test was performed by adding oxygen (99.98%) into
the sample testing chamber.

The tetrapod resistance increases monotonically with increasing
O2 at very low concentration. Each point was obtained by waiting
10 min after introducing oxygen. It is observed that the responsivity
at room temperature decreases with decreasing the oxygen pres-
sure. This is mainly due to the increasing depletion region of the
electrons in ZnO [43]. Oxygen is chemisorbed to ZnO surface form-
ing oxygen negative ions, thus leading to increase in the electrical
resistance and surface charge depletion region [47].

Fig. 8 shows the gas response of the ZnO tetrapod-based mul-
titerminal sensor to 100 ppm H2 at the room temperature. When
exposed to 100 ppm H2, a behavior of sharp increase and then slow
decrease in the gas response was observed.

When a pulse of hydrogen was introduced, the response
increased sharply again, followed by a saturation region. All
responses were studied for different leg pairs and we found that
they are all similar to each other, therefore only results from 1 to 2
will be presented here.

Fig. 9 shows the response test of ZnO tetrapod-based sensor in
various gas environments, such as 100 ppm H2, CO, i-butane, CH4,
CO , and SO at room temperature. It is noted that the response to
For a single ZnO tetrapod sensor the response to 100 ppm H2 is >6
times higher than the response to 100 ppm CH4, CO2, and SO2.

Fig. 8. Responsivity of the ZnO tetrapod sensor to 100 ppm H2 gas at the room
temperature.
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ig. 9. Gas response of ZnO tetrapod-based sensor to different gases at 100 ppm
oncentration.

. Conclusions

In conclusion, the ZnO tetrapods were synthesized by a cost-
ffective aqueous chemical method [25]. An in situ focused ion
eam lift-out technique is developed to fabricate individual ZnO
etrapod-based UV light and gas sensor. The photoresponse of this
etrapod sensor to the 361 nm UV radiation was measured as a func-
ion of O2 concentration from 200 ppm to 600 ppm and at 1 atm.
he photoresponse mechanism is explained qualitatively on the
ase of adsorption and photodesorption of ambient gas molecules
nd bulk process. It is suggested that oxygen ions on the ZnO sur-
ace of the tetrapod influence the UV sensitivity. We conclude that,
he photoresponse is dependent on the surface chemistry. A cou-
led ZnO tetrapod can provide a unique integrated multiterminal
rchitecture for novel electronic device configurations.

It is suggested that oxygen ions on the surface of the ZnO tetra-
od have a profound effect on UV and gas sensitivity due to the
bsorption of O2 on the surface of ZnO. We have investigated this
elationship by sensing UV light and O2 gas simultaneously. This
ffect suggests that e–h recombination rate in the ZnO nanorod legs
s relatively slow, but this could be beneficial for further studies of
hotocatalytic activity.

The ZnO tetrapod-based sensor was also studied in various envi-
onments, such as 100 ppm H2, CO, i-butane, CH4, CO2, and SO2 at
oom temperature. It is noted that sensor is much more sensitive to
2, i-butane and CO, than to CH4, SO2, and CO2.

We believe that by using ZnO tetrapod as a building unit in novel
ultiterminal devices, a novel multisensory structure can be devel-

ped. Such sensors will be able to avoid “false response” or can be
sed for different sensing information.
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