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a b s t r a c t

In this work, we report on a single ZnO nanowire-based nanoscale sensor fabricated using focused ion
beam (FIB/SEM) instrument. We studied the diameter dependence of the gas response and selectivity
of ZnO nanowires (NWs) synthesized by chemical vapor phase growth method. The photoluminescence
(PL) measurements were used to determine the deep levels related to defects which are presented in the
ZnO nanomaterial as well as to evaluate the effect of thermal treatment in H2 atmosphere on the emission
from ZnO nanowires. We show that sample annealed in hydrogen leads to passivation of recombination
centers thus modifying the NWs properties.
1.07.Bc Nanocrystalline materials

eywords:
nO nanowire
ensor
ydrogen
ocused ion beam

We studied the gas response and selectivity of these ZnO nanowires to H2, NH3, i-Butane, CH4 gases at
room temperature. Our results indicated that zinc oxide NWs hold a high promise for nanoscale sensor
applications due to its capability to operate at room-temperature and its ability to tune the gas response
and selectivity by the defect concentration and the diameter of ZnO nanowire. A method is proposed to
reduce the nanosensor’s recovery time through the irradiation with an ultraviolet radiation pulse. The
sensing mechanisms of ZnO nanowires will be discussed.
anosensor

. Introduction

The development of highly sensitive, selective, reliable, and
ompact sensing devices to detect flammable, toxic chemical and

iological agents is of major importance. Over the last decades, bulk
nd thin film metal oxides have been widely studied and used for
ensing gas species such as CO, CO2, CH4, C2H5OH, C3H8, H2, H2S,
H3, NO, NO2, O2, O3, SO2, acetone, humidity, etc. [1–12]. The gas

esponse to different gases is related to a great extent to the sur-

∗ Corresponding author at: Department of Physics, University of Central Florida,
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face state and morphology of the material. However, some critical
limitations are difficult to overcome with the sensors with microm-
eter dimension. In such materials, limited surface-to-volume ratio
determines a limited gas response to low concentration of tested
gases and requires operation at elevated temperatures to reach
a desired gas response. In order to overcome these limitations
different types of nanostructured materials and approaches have
been investigated for their gas response, selectivity and possible
application in sensors with better characteristics [12–18]. Particu-
larly, nanorods/nanowires with their superior characteristics have
caught the attention of researchers and have been investigated as
sensor material by different groups [12,13,15,16,19–24]. The novel

concepts for applications of these nanoscale materials in sensors
and actuators are based on a generally strong coupling between
electronic, chemical, optical and mechanical properties. Change of
any one of these properties will affect others as well, a feature which
is widely used in sensor applications. In addition, reproducibility
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nd long-term stability of sensor properties are important from the
ractical point of view.

However, several issues have to be resolved before applica-
ions of nanowires/nanorods can flourish, such as (a) the ability to
andle individual nanowire, (b) the slow time constant for adsorp-
ion/desorption processes, and (c) the room temperature operation
f the device. Recently, experimental investigations demonstrated
vident changes in the electronic transport due to gas adsorption
9,10,24,25], which determine response/recovery time constants
f the sensors. At the same time, the development of a recovery
rocess which will allow cycled operation for multiple uses and
atisfying long-term stability requirements for sensors is impor-
ant. In this context, it is necessary to obtain more evidence of the
orrelation between aspect ratio, defects in nanowire (PL inten-
ity ratio {IUV/IDL}) and its gas response as well as necessity/limits
n operation at elevated temperatures or applications of ther-

al pulses during/between sensing cycles, etc. This means that
dsorption and desorption of the gas molecules have to be con-
rolled in order to design a fast response/recovery sensor. Different
pproaches/techniques of engineering were reported for solving
his problem, such as the use of metal catalyst nanoparticle or
hemical functional groups for surface functionalization, plasma
reatment to increase resistivity or high temperature cycles, etc.
12–14,19,20–26]. According to another approach, Zhang et al. [21]
ave prepared NO2 sensors based on In2O3 nanowires and the
evice recovery was realized by desorbing NO2 molecules with
ltraviolet (UV) light illumination. Peng et al. [22] observed that
he gas response of nanorods to 110 ppm formaldehyde with UV
ight irradiation was about 120 times higher than that without UV
ight irradiation. One of the most common approaches is based on
he high activation energy of reaction with gas molecules, thus
espective high temperature is applied for the gas sensor to get
igher response [12–14]. However, high temperature processes
an be restrictive/forbidden for gas sensor applications in explo-
ive environments, like hydrogen. Also, in order to develop high
erformance sensors (especially hydrogen sensor) based on ZnO
anowires it is preferred to avoid high temperature operation or
ses of the heater to desorb foreign species/molecules from the
urface in H2 atmosphere for faster recovering process at elevated
emperatures. This is motivated by the reduction of Zn from ZnO
which can make NW to disappear) and by the fact that recently
n ZnO nanowire-based sensors a trend was found between gas
ensitivity and defects in the nanomaterial [26,27]. It has been
emonstrated that annealing in H2, even at 400 ◦C, significantly
educes the green/red GRL emission, due to the passivation effect
n the point defects or impurities, since the hydrogen atoms can
asily diffuse into the lattice and form strong bonds with various
attice positions [27,28]. The gas sensitivity of defect-controlled
as sensors showed the same trends and gas sensitivity being
inearly proportional to the defect density [26,27]. Considering
ll these aspects it is preferred to avoid long-term operation at
igh temperature or even short high temperature thermal pulses
o desorb molecules from the ZnO surface, which may produce
rreversible effects on nanowires properties. This will have direct
nd evident effects on long-term stability, which is the ability of
he sensor to maintain its properties even when operated con-
inuously for long duration in hostile medium. In this context, it
s necessarily to mention that hydrogen is considered “the com-

on fuel of the future” [15,16,29]. The goal of this work is to
evelop a room temperature hydrogen sensor based on a single
nO nanowire.
In this work, we report on a single ZnO nanowire sensor fab-
icated using focused ion beam instrument. We present several
roposals to improve room temperature sensor characteristics of a
ingle ZnO nanowire to H2 gas. The room temperature gas response
nd selectivity of diameter-selected ZnO nanowires are presented.
ators B 144 (2010) 56–66 57

The impact of a pulse of UV irradiation on gas sensing transient
characteristics of a single ZnO nanowire is reported.

2. Experimental details

ZnO nanowires were grown by chemical vapor deposition (CVD)
with a base pressure of 5 torr using high-purity (99.999%) Zn metal
and an O2/Ar flux as source chemicals. The preparation of the
ZnO nanowires has been described in detail elsewhere [30–32].
The growth time was 30 min with the evaporation temperature of
670 ◦C (first zone), and the growth temperature of 650 ◦C (second
zone). The synthesis was performed in a flowing type two-zone
quartz reactor. In the first zone, zinc evaporated and in the second
zone zinc vapors interacted with oxygen. The Si substrates were
placed in the second zone. The oxygen–argon mixture was intro-
duced into reactor at a flow rate of 1 l/h and the zinc consumption
was about 20–28 g/h. The synthesis of ZnO nanowires takes place at
approximately 30-fold excess of zinc vapors with respect to oxygen
based on a molar ratio.

The morphologies and chemical composition microanalysis of
zinc oxide samples were studied using a VEGA TESCAN TS 5130MM
scanning electron microscope (SEM) equipped with an Oxford
Instruments INCA energy dispersive X-ray (EDX) system. The EDX
analysis of the ZnO nanowires indicated a stoichiometric ZnO com-
position (within a precision of 1 at%).

The continuous wave (cw) photoluminescence (PL) was excited
by the 351.1 nm line of an Ar+ Spectra Physics laser and analyzed
with a double spectrometer ensuring a spectral resolution better
than 0.5 meV. The samples were mounted on the cold station of
a LTS-22-C-330 optical cryogenic system. The room temperature
Raman scattering was investigated with a MonoVista CRS Confo-
cal Laser Raman System in the backscattering geometry under the
excitation by a 532 nm DPSS laser.

Two rigid contacts were made with a single ZnO nanowire on
the nano-sensor substrate template (glass with Cr/Au contacts as
contact electrodes) by using FIB metal deposition function. The test
gas sensing characteristics were investigated using a sensor struc-
ture connected to external electrode in FIB system. The measuring
apparatus consists of a closed quartz chamber connected to a gas
flow system. The concentration of test gases was measured using
a pre-calibrated mass flow controller. Test gas and air were intro-
duced to a gas mixer via a two-way valve using separate mass flow
controllers. The test gases were allowed to flow through a pipe net-
work with a diameter of 5 mm to the test chamber with a sensor
holder, in which the nanosensor was placed. By monitoring the out-
put voltage across the nanorod-based sensor, the resistance was
measured in dry air and in a test gas. A computer with suitable
LabView interface handled all controls and acquisition of data.

3. Results and discussions

Fig. 1(a) shows the scanning electron microscope image of the
cross-section of the ZnO nanowire arrays grown on Si(1 0 0) sub-
strate placed in deposition zone at the entrance of the reactor
(ratio O/Zn > 1). Fig. 1(b) presents the top-view image of samples
synthesized at the exit zone in the reactor (ratio O/Zn < 1). The
ZnO nanowires (NWs) grown at the exit zone (Fig. 1(b)) are thin-
ner (100 nm in diameter) as compared to those produced at the
entrance zone (200 nm) (Fig. 1(a)). The ZnO nanowires are several
microns in length. Apart from that, the ZnO nanowires synthesized

at the entrance zone (Fig. 1(a)) are better aligned as compared to
more randomly pointed wires produced at the exit zone (Fig. 1(b)).

As mentioned above, it is known that structural defects strongly
influence the electrical parameters of the zinc oxide which are
extremely important for the gas sensor applications. According to
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Fig. 1. (a) Scanning electron micrograph in cross-section of ZnO nanowires grown
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200 nm, while the intensity of the near band-edge luminescence is
an order of magnitude lower. This means that the concentration of
structural defects decreases with the increase in the diameter of
the nanowire.
n deposition region at the entrance zone (ratio O/Zn > 1). (b) Top view scanning
lectron micrograph of ZnO nanowires grown at the exit zone (ratio O/Zn < 1). Scale
ar is 2 �m.

revious predictions, the surface defects, such as oxygen vacancies,
an dominate the electronic/chemical properties and adsorption
ehavior of metal oxide surfaces [33–35]. Deep levels (DL) are
nown to severely affect the optical and electrical properties of
nO-based devices. It has been shown experimentally that ZnO
aterial with a high density of oxygen vacancies has a high elec-

rical conductivity [35]. Defects can influence substantially the
ensitivity of gas sensors based on ZnO NWs [26,27].

Photoluminescence is a technique which can provide data
elated to DL, and the ratio IUV/IDL (the intensity of the ultravio-
et to the visible deep level related luminescence) is a measure of
efect states in ZnO nanomaterial. Fig. 2 displays the photolumi-
escence spectra of ZnO nanowires with diameter of 100 nm and
00 nm as curves 1 and 2, respectively. As previously reported,
ypical zinc oxide exhibits an ultraviolet (UV) emission (at about

80 nm at room temperature) due to near band-edge transitions
36]. The spectrum of the near band-edge emission is dominated
y the excitonic luminescence, while the emission related to the
onor–acceptor (DA) pair recombination is around two orders of
ators B 144 (2010) 56–66

magnitude less intensive (Fig. 2). The origin of the DA luminescence
band has been previously investigated in detail [37–39].

The visible emission is a combination of a red and a green PL
band. Usually, the red and the green luminescence is attributed
to different structural defects such as oxygen vacancy (VO), zinc
vacancy (VZn) or a complex defect involving interstitial zinc (Zni)
and interstitial oxygen (Oi) [35–44]. The low intensity of the visible
emission as compared to the near band-edge one is an indica-
tion of a low concentration of defects. Considering recent reports,
which demonstrated that the structural defects strongly influence
the electrical parameters of the ZnO material [26,27,35], it is very
important to study PL of ZnO NWs to be used in gas sensor struc-
tures.

Although both samples were synthesized in the same run, vari-
ations are observed in PL intensity (Fig. 2). The differences in
spectra can be explained by different conditions of growth. The
ZnO nanowires grown closer to the entrance of the tube furnace
have a lower defect concentration because of higher O/Zn ratio and
growth temperature, i.e. they are of a higher crystallinity. One can
deduce from the analysis of Fig. 2(b) that the intensity of green
(red) luminescence is a factor of 2 (3) higher in the nanowires with
diameter of 100 nm as compared to the NWs with the diameter of
Fig. 2. (a) Emission spectra in ultraviolet UV region of the ZnO nanowires grown
by CVD. (b) PL spectra in UV–vis region. Curve 1 corresponds to nanowires with
diameter of 100 nm and curve 2 is for wires with diameter of 200 nm.
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order to understand transport properties and phonon interaction
with the free carriers, which determine device performance. Raman
measurements provide information about the material quality
[50–52]. We used Raman spectroscopy to investigate the crystalline
quality of nanowires, in parallel with PL spectroscopy used to ana-
ig. 3. PL spectra of ZnO nanowires with diameter of 100 nm measured at different
emperatures: 1–20 K; 2–50 K; 3–100 K; 4–200 K; 5–300 K.

Apart from the analysis of the visible emission, the increase
n the quality of nanowires with increasing diameter is suggested
y the following observations: (i) the overall PL intensity increase
ith increasing the diameter; (ii) the intensity of the neutral donor

ound exciton luminescence relative to the DA luminescence also
ncreases; (iii) different lines related to different donors are better
esolved in the PL spectrum, therefore, the spectrum is dominated
y I1, I4, and I6 lines [45] of the neutral donor bound excitons D0X;
iv) the emission related to the recombination of free excitons FX
ecomes clearly resolved in the PL spectrum.

The other PL bands observed in the spectra are associated with
he phonon replica of the neutral donor bound excitons D0X and
onor acceptor pair recombination DA PL lines. The suggested
rigin of the PL bands is corroborated by the analysis of the tem-
erature dependence of the PL spectra (Fig. 3).

As temperature increases, PL related to the D0X excitons and its
honon replica is rapidly quenched. The rate of decrease of the PL
ssociated with the recombination of free excitons is smaller than
he one for D0X transitions. This is due to the larger binding energy
f free excitons. Therefore, the FX band is observable up to room
emperature as a shoulder on the high energy wing of the PL spec-
rum. The position of the FX band shifts from 3.376 eV at 20 K to
.30 eV at room temperature in accordance with the temperature
ependence of the A-exciton energy. While the PL band positioned
t 3.21 eV at room temperature is assigned here to a free-to-bound
B-transition, a similar PL band was previously suggested to be
elated to donor–acceptor pair (DAP) transitions [46]. However,
his emission is more likely related to the recombination of free
lectrons with holes bound at an acceptor, due to the temperature
nduced ionization of donor impurities involved in DAP transitions
t low temperatures. The photon energy separation between the
B and FX bands is about 90 meV. By adding the binding energy of
ree excitons (60 meV) to this value one can estimate the activation
nergy of the defects responsible for the FB PL band to be on the
rder of 150 meV.

We studied the effects of thermal treatment at relatively low
emperature (400 ◦C) in H2 ambient on the optical properties of
nO nanowires. PL was measured to evaluate the impact of thermal

nnealing in H2 atmosphere on the emission from ZnO nanowires,
specially in the deep levels (DLs) region. This was performed tak-
ng into account that nanowires are designed for H2 gas nanoscale
ensors, as well as considering the long-term stability of sensors
ators B 144 (2010) 56–66 59

when operating in hydrogen environment. This study is very impor-
tant, since hydrogen is known to act as a donor in ZnO [47–49], and
it can influence the properties of zinc oxide material.

Our investigations demonstrate that the concentration of
defects responsible for visible emission DLs from ZnO nanowires
was reduced by annealing at 400 ◦C in hydrogen atmosphere. As one
can see from Fig. 4, the intensity of the green emission is reduced
by a factor of 1.5 at low temperature, and by a factor of 2 at room
temperature, while the intensity of the red emission is reduced by
a factor of 3 at both temperatures after annealing in hydrogen. We
observed that hydrogen annealing leads to passivation of recom-
bination centers and to modification of NWs properties. Here we
found passivation of DL donors and acceptors via electron transfer
between defects and hydrogen, for instance:

V
•
O + Hx

i → Vx
O + H

•
i (1)

It was demonstrated theoretically that the hydrogen forms a
shallow donor state in ZnO [48]. Therefore, charge compensation
occurs when hydrogen co-exists with defects. The observed hydro-
genation effects for CVD nanowires lead to passivation of DL states
and influence their properties. These effects must be taken into
account when analyzing long-term stability of nanosensors made
on a single ZnO nanowire. Thus, PL investigations of nanomaterial
properties suggest its suitability for the development of stable room
temperature H2 sensor from a single ZnO nanowire.

Also, it is necessary to mention that thermal annealing at tem-
peratures higher than 400 ◦C in hydrogen atmosphere leads to
Zn reduction in ZnO. This will lead to evaporation of zinc oxide
nanowires, which confirms the necessity to develop a room tem-
perature ZnO NW H2 sensor.

The vibrational properties of ZnO nanowires are important in
Fig. 4. PL spectra of ZnO nanowires with diameter of 100 nm. Curve 1 corresponds
to as-grown sample, and curve 2 is for the sample annealed in hydrogen atmosphere
at 400 ◦C. The spectra are measured at 10 K (a) and 300 K (b).
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ig. 5. Room-temperature micro-Raman spectrum of ZnO nanowires with diameter
f 100 nm (curve1), and 200 nm (curve2).

yze radiative defects, deep levels and their relation to gas-sensing
roperties of nanowires. Fig. 5 shows the room-temperature micro-
aman spectrum (RS) of the ZnO NWs grown on a Si substrate.
urve 1 in Fig. 5 illustrates the Raman spectrum of the produced
nO nanowires with diameter of 100 nm, while curve 2 is for sample
ith diameter of 200 nm.

This Raman spectrum demonstrates the high quality of the
urtzite crystal structure of our ZnO nanowires. Wurtzite ZnO

elongs to the C6v space group (P63mc). According to group theory,
he corresponding zone centre optical phonons are of the following
ymmetry modes [53]:

opt = A1 + 2B1 + E1 + 2E2 (2)

The A1 + E1 + 2E2 modes are Raman active, while 2B1 phonons
re silent. The low-frequency E2 mode is predominantly associated
ith the non-polar vibration of the heavier Zn sublattice, while

he high frequency E2 mode involves predominantly the displace-
ents of lighter oxygen atoms. The A1 and E1 modes are split into

ongitudinal optical (LO) and transverse optical (TO) components.
xcept for the LO modes, all Raman active phonon modes are clearly
dentified in the measured spectrum (Fig. 5).

The LO modes are not visible in the spectrum, likely due to the

resence of a high free carrier concentration in the sample. The peak
t 331 cm−1 is attributed to second order Raman processes involv-
ng acoustic phonons [54]. There are several indications of a good
rystal quality of the produced nanowires: (i) the signal attributed
o the two-phonon density of states (DOS) expected in the spec-

ig. 6. Scanning electron micrographs of: (a) transferred ZnO nanowires (NWs) to interm
nsert shows a fabricated device based on a single ZnO nanowire of 200 nm in diameter;
anowire of 100 nm in diameter.
ators B 144 (2010) 56–66

tral range from 500 cm−1 to 700 cm−1 [55–57] is practically absent
in the ZnO NW sample with a diameter of 200 nm; (ii) the peak
corresponding to E2 (high) mode has a line-width of about 6 cm−1,
while the line-width of the peak corresponding to E2 (low) mode
is about 3 cm−1, which is comparable to values reported for high
quality ZnO bulk crystals [58]; (iii) the position of the E2 (high) peak
corresponds to the phonon of a bulk ZnO crystal [58] indicating a
strain-free state of the nanowire. The presence of a weak RS sig-
nal in the spectral range from 500 cm−1 to 700 cm−1 in ZnO NWs
with 100 nm diameter as compared to its absence in NWs with
200 nm in diameter, confirms the increase of the optical quality of
the nanowires with increasing their diameter as deduced also from
the PL analysis.

Next, we describe the fabrication procedure of nanosensors
by using individual ZnO NW released from an agglomeration of
nanowires as-grown on initial substrate (Fig. 1). The ZnO nanowires
can be released from the initial substrate by sonication in ethanol
and then transferred to a SiO2-coated Si substrate. We also used
a direct contact technique to transfer nanowires by direct contact
of the sample with a clean Si wafer and gently rub a few times.
These procedures allow us to obtain a low density and uniformly
distributed ZnO nanowires on the second substrate (Fig. 6(a)) for
device fabrication (Fig. 6(b)). If one needs to lower the density of
NWs, the above procedure can be repeated.

A scanning electron microscope image of the transferred ZnO
nanowires is presented in Fig. 6. Focused ion beam (FIB/SEM)
instrument was used to pattern metal electrodes contacting both
ends of a single ZnO nanowire. The separation of the electrodes was
about 5 �m. The fabricated device based on a single wire of 200 nm
in diameter (insert of Fig. 6(b)) and 100 nm (insert of Fig. 6(c)) are
presented.

Here we would like to draw attention to a few characteristics
which allow very thin ZnO NW (50–100 nm in diameter) to be
connected by using FIB/SEM instrument in comparison with other
types of metal oxide nanowires. It is well known that FIB permits
the localized maskless growth of metal or insulator materials. It
works like local chemical vapor deposition (LCVD) and the occur-
ring reactions are comparable to, for example, laser induced CVD
and micro stereolithography [59]. However, maskless deposition
cannot be achieved by conventional CVD methods, which is an
advantage of FIB/SEM set-up. According to previous reports [59],
the main differences are related to better resolution and lower
deposition rate of FIB. Based on multiple previous works on TEM
samples fabrications using FIB set-up, the depth of penetration of
FIB-ions in material is about 2–20 nm after 2–3 h of continuous
exposure [60–63]. In our work a single ZnO NW was exposed to

FIB beam for less than 9 min. Also, it is necessary to mention about
enhanced radiation hardness of ZnO NWs versus bulk ZnO layers
according to previous works [64–66]. As reported previously, the
room temperature bombardment by electrons [67], protons [68]
and heavy ions [69] caused much less damages in ZnO than in other

ediate substrate (Si with ZnO NWs on top); (b) transferred individual ZnO NW and
and (c) transferred ZnO NW and insert shows a fabricated device based on a single
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nanorod-based sensor reported by Wang et al. [23] demonstrates
a sensitivity of 4.2% at 500 ppm H2 after 10 min exposure. Further-
more, the characteristics of a H2 gas sensor based on ZnO multiple
nanorods demonstrating 18% current change upon exposure to 10%
H2 in N2 at 112 ◦C are considered to be satisfactory [18]. Wang et al.
ig. 7. Gas response curves of the 100 nm zinc oxide nanowire-based gas sensor
nder exposure to 100 ppm of H2 gas at room temperature (22 ◦C). Curve (1) is
isplaced upward by 0.25 to avoid overlapping with curve (2).

emiconductors. This is a very important point here, since in our ion
eam processing of nanostructured ZnO material, it is inevitable
hat ZnO nanostructures were exposed to ion beam.

It is to be noted that, according to Ref. [70], the FIB Ga ions started
o affect the electric properties of ZnO providing that the dosage
f the Ga ion beam exceeds 1015 cm−2. During our FIB processing,
he Ga ion beam can be very accurately positioned on the individ-
al nanowire and the exposure time to Ga beam can be limited
o just a few minutes. We estimated that our ZnO nanostructures
ere never exposed to Ga ion beam more than 1013 cm−2, there-

ore the effect of FIB processing on our ZnO nanostrcutures has
een minimized/insignificant [63]. This makes the ZnO nanode-
ices presented below feasible. However, few problems still need to
e solved by using more modern equipment since, at this moment,
e cannot completely rule out the accidental metal atom deposi-

ion on the ZnO NW during the FIB processing of electrode contact.
owever, we believe that the amount of the metal molecules acci-
entally deposited on ZnO NW is insignificant and has no particular

nfluence on the response of these ZnO NW.
A linear behavior of the current-voltage curves (not shown)

as observed, which is very important for the sensing properties
ecause the gas response of a gas nanosensor can be maximized
hen the metal-semiconductor junction has a negligible resis-

ance. For investigation of gas-sensing properties, a sensor was
laced in a measuring apparatus consisting of a closed quartz cham-
er connected to a gas flow system. The concentration of test
ases was measured using a pre-calibrated mass flow controller
s described elsewhere [15,16,20].

The gas response was defined as the ratio:

≈
∣∣∣�R

R

∣∣∣ , (3)

here |�R| = |Rair − Rgas| and Rair is the resistance of the sensor in
ry air and Rgas is resistance in the test gas.

Fig. 7 shows the transient response of the 100 nm ZnO-nanowire
as sensor under exposure to 100 ppm of H2 gas at room temper-
ture. In Fig. 7 curve (1) is displaced upward by 0.25 in order to
void overlapping with curve (2). An individual nanowire-based
ensor displayed the highest gas response of about 34% to 100 ppm
ydrogen gas at room temperature (22 ◦C). As seen from Fig. 7, both

esponse and recovery times (T = |t90% − t10%|) were very fast, taking
4 s and 11 s for 90% of full response and recovery, respectively, at
00 ppm of H2 gas.

As can be seen from Fig. 7 (curve 1, red color on-line) the resis-
ance of the sensor after the exposure to hydrogen does not recover
ators B 144 (2010) 56–66 61

to the initial value, or even in 10% limit of the initial value. This is
explained by the presence of adsorbed gas molecules, which still
remain on the surface of ZnO nanowire. Usually, operation at ele-
vated temperature is used in order to desorb the gas species from
the surface of the sensor material [12–15,26,27].

However, our PL data (Figs. 5 and 6) suggest that it is desir-
able to avoid heating to desorb gas molecules, since it will change
the properties of ZnO nanowires, particularly the defect states. As
discussed above, the defects in nanomaterials influence the gas sen-
sitivity of ZnO nanowire-based sensors [26,27]. Our unpublished
data showed that the application of heating pulses to the sensor
after H2 gas was introduced in the test chamber leads to permanent
changes of electrical properties of a single nanowire-based sen-
sor and drifting of its sensing characteristics. It is evident that this
shift is in contradiction with long-term stability requirements for
sensors. Apart from that, heating is also undesirable for gas sensor
applications in explosive environment, such as hydrogen.

We implement the UV irradiation procedure instead of heating
to facilitate desorption of gas species on the surface and to improve
the recovery time of the nanosensor. Fig. 7 (curve 2) demonstrates
that the recovery time of the UV radiated sensor is much shorter
than that of curve 1 (Fig. 7) and that of other types of gas sensors
[71] reported before. The mechanism of reducing the recovery time
of the UV radiated sensor has been described next.

Fig. 8 shows the performance of the zinc oxide nanowire sensor
exposed to traces of 10 ppm H2 gas at room temperature repeatedly.

As seen from Fig. 8, both response and recovery times
(T = |t90% − t10%|) are much faster as compared to Fig. 7. The response
and recovery time values at the level of 90% are about 3 s and 2 s,
respectively, at 10 ppm of H2. One can also observe by compar-
ing Fig. 7(curve 2) and Fig. 8 that the gas response increases with
increasing the concentration of H2.

Therefore, we found experimentally that by applying the UV
pulse one can facilitate desorption of gas molecules from the sur-
face of ZnO nanowire (sensor resistance return to initial Ra value).
We also mention that the gas nanosensor fabricated by this tech-
nique has similar or even higher gas response compared with those
based on ZnO nanocrystals [72], ZnO nanorod [16] or ZnO branched
rods [15], single tetrapod [20]. By comparison, the multiple ZnO
Fig. 8. Dependences of gas responses for 100 nm diameter ZnO NW-based sensor.
The response curves of the individual nanowire-based sensor toward 10 ppm H2

pulses. Before the test the nanowire was preconditioned in a constant dry air flow.
An UV pulse is applied after H2 gas is turned off.
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ig. 9. Dependences of gas response for different diameter ZnO nanowire-based
ensors. Insert shows cross-sectional view of ZnO NWs with different radii (r) and
ame Debye length (�D) and conduction channel, respectively.

73] demonstrated sensitivity enhancement to 200 ppm H2 gas of
nO nanowires at higher temperatures (250 ◦C). By comparison, our
ingle nanowire-based sensor (100 nm in diameter) shows similar
haracteristics upon 3 s exposure to H2 gas at room temperature.

As mentioned above and reported previously [74], the gas
pecies adsorbed by ZnO affect the charge carrier concentration
nd the resistance of zinc oxide. The larger surface-to-volume ratio
f the single-crystalline nanowires offers potential to improve the
as response and selectivity of H2 gas sensors. Our experimental
esults indicate that a ZnO single nanowire is an excellent mate-
ial for H2 sensors and should be further investigated in order to
mprove its characteristics at room temperature operation.

Gas selectivity has always been a major issue for the solid state
as sensors. Different approaches have been developed in the past
o improve the selectivity of gas sensors, such as: (a) modula-
ion of the operating temperature [14,75], (b) doping with metal
mpurities [17,76], (c) using impedance measurements [77], sur-
ace coating [78]. Fan and Lu [24] reported a solution for NO2
nd NH3 room temperature sensors by introducing a concept of
ate-refreshable ZnO nanowire field effect transistors. A transverse
lectric field induced by a back gate has been also proposed for
elective gas sensing [79].

Fig. 9 demonstrates the dependence of the gas response on
he diameter of ZnO NW-based sensors. The highest gas response
about 34%) was obtained from a sensor based on a single ZnO NW
ith 100 nm in diameter. In comparison, 200 nm NW showed a

ower gas response to H2 (less than 10%) at room temperature. A
igger diameter ZnO nanorod [16] demonstrated a gas response of
bout 4%. These observations demonstrate the importance of using
hinner nanowires to design highly sensitive H2 sensors which can
perate at room temperature.

In order to test the selectivity of the gas sensor, the response to
H3, i-Butane and CH4 has been investigated and summarized in
ig. 9. We can see that the ZnO nanosensor’s response to 100 ppm
H3 and i-Butane or 200 ppm CH4 is much lower in comparison
ith its gas response to H2 gas. These data confirm the prospects

f thin ZnO NWs as material for nanoscale sensors operating at
oom temperature. Although the gas response of thin ZnO NWs to
-Butane is low, we suggest that thicker ZnO NWs can be used to
etect i-Butane-gas. These sensors may find applications in domes-
ic or industrial environments.
. Discussions related to possible sensing mechanism

Several factors determine the gas sensing mechanism of an
ndividual ZnO nanowire. One of them is the value of the sur-
ators B 144 (2010) 56–66

face/volume ratio (aspect ratio) [80] of NW. Another one is the
concentration and type of defects in ZnO NW [26,27] (which can
be assessed by the (IUV/IDL) PL intensity ratio). The impact of these
factors has been explained by physical effects occurring on the sur-
face and in the volume of a ZnO nanowire [12,16,69,81]. It is known
that metal oxide gas sensitivity depends on the interaction between
the gas species and the adsorbed oxygen (O2−, O− and O2−) ions on
the surface or/and by interaction with defect states in the material.

Initially, when metal oxide nanowire is placed in air atmosphere
the adsorbed oxygen (O2

− and O−) extracts electrons from the con-
duction band:

O2(g) ↔ O2(ad), O2(ad) + e− → O−
2 (ad), 1

2 O2 + e− → O−(ad)

(4)

and an electron depletion region is formed which leads to the
increase of the resistance of individual nanowire. Here it is neces-
sarily to point out that the types of chemisorbed oxygen species
depend strongly on temperature [74]. At lower temperatures,
O2

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

− disappears rapidly
[82]. Therefore, at room temperature a higher concentration of O2

−

ions on the surface of ZnO nanowire will allow a more effective
interaction between H2 and O2

− ions and a higher sensitivity value.
The oxygen chemisorption can be described by the following [74]:

ˇ

2
OGas

2 + ˛ · e− + S ⇔ O−˛
ˇS (5)

where the oxygen molecule in atmosphere is OGas
2 , e− is an electron

which can reach the surface, S is an unoccupied chemisorptions site
for oxygen-surface oxygen vacancies and other surface defects. O−˛

ˇS
is a chemisorbed oxygen species with ˛ = 1, 2 for single, doubly
ionized form; ˇ = 1, 2 for atomic, molecular forms, respectively.

The exchange of electrons between the bulk of ZnO NW and
the surface states takes place within a surface layer (see insert in
Fig. 9). The thickness of the surface layer is of the order of the Debye
length/radius �D:

�D =
(

kε0kBT

e2N0

)1/2

(6)

where N0 is the density where the potential is zero, kB is the Boltz-
mann constant and T is the absolute temperature in Kelvin, k is the
relative static electric permittivity of the medium, ε0 is the electric
constant or is the permittivity of the free space and e is the ele-
mentary charge. This exchange will contribute to the decrease of
the net carrier density in the nanowire conductance channel. Also
this will lead to band bending near the surface for conduction and
valence bands. The electrical conductance of ZnO nanowires can be
expressed as dependent [24] upon the charge carriers’ concentra-
tion:

G = 1
R

= �r2

�l
= n0|e|��r2

l
(7)

where R is electrical resistance, n0 is the initial/nominal charge car-
riers concentration, e is the electron charge, � is the mobility of
electrons and r, l are the radius and length of the nanowire chan-
nel, respectively. Therefore, the change in electrical conductance of
the nanowire exposed to gas atmosphere (Figs. 7 and 8) is deter-
mined by the change in electrical charge carriers’ concentration �n
[83]:

(�n0|e|��r2)

l

The gas sensitivity is given by [24,84]

�G

G
= �ns

n0
(9)
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According to this expression, higher gas sensitivity could be
btained by a larger modulation in the depletion region of ZnO
anowire. The width of the depletion region is inversely propor-
ional to the square root of the free charge carrier concentration.

hen the radius of ZnO nanowire is in the order of or less than
ebye length/radius, the conductive channel is reduced substan-

ially (this is the case of thinner ZnO NW (see insert in Fig. 9)). The
odulation of the depletion region width can also be produced by

he control of electron density in ZnO nanowire, i.e. by means of
urface defects.

The gas response of the resistive sensors in ambient medium
ay be given by the following equation:

= Gg − Ga

Gg
· 100% = 4

D
(�D(a) − �D(g))

· 100% = 4
D

((
kε0kBT

e2N0

)1/2

−
(

kε0kBT

e2N0

)1/2
)

· 100% (10)

r by following [85]:

= Gg − Ga

Gg
= 4

D
(�D(a) − �D(g)) = 4

D

(
εε0

en0

)1/2
(V1/2

Sa − V1/2
Sg ) (11)

here Gg and Ga are the conductance of ZnO nanowires in H2 gas
nd in air ambient, respectively, n0 is carrier concentration in air.
Sa and VSg are the adsorbance-induced band bending in air and in
2 gas, respectively. According to the last equation, enhancement of
2 gas sensitivity can be realized by controlling the geometric factor

4/D), electronic characteristics (εε0/en0), and adsorption induced
and bending (V1/2

Sa − V1/2
Sg ) due to adsorption on ZnO nanowire

urface. This can be done by doping, which is not our case, or by
sing modulation of operation temperature which is not desirable
or H2 sensors on single ZnO nanowire as discussed above. Another
ay is to make use of geometric parameters, which was realized

n our experiments. By using different diameter NWs, sensors with
ifferent gas response characteristics were produced (Fig. 9).

Furthermore, when a nanosensor is exposed to hydrogen atmo-
phere the adsorption–desorption sensing mechanism can be
xplained on the basis of reversible gas chemisorptions on sur-
ace of the ZnO nanowire. A reversible variation in the electrical
esistance is produced by the exchange of charges between the
ydrogen and the ZnO surface which leads to the variation of the
epletion depth. The electrons will be released to the conduction
and and the current through nanowire will increase as a result of
he following reactions:

2 + 1
2 O−

2 (ad) → H2O + e− (12)

2 + O−(ad) → H2O + e− (13)

he hydrogen molecules will react with adsorbed oxygen ions on
he surface of nanowire and will produce H2O molecules, while the
eleased electrons will contribute to the current increase through
he nanowire. This will also reduce the width of the depletion
egion. The reaction is exothermic (1.8 kcal mol−1) [86] and the
olecular water desorbs quickly from the surface.
A higher concentration of O2

− ions on the surface of ZnO
anowire will allow a more effective interaction between H2 and
2

− ions and a higher gas response value will be realized. We
uggest that the higher gas response of our single nanowire gas
ensor as compared to thin film sensors is mainly due to a larger
urface-to-volume ratio and a more effective modulation of the sur-

ace depletion region in individual ZnO nanowire. Nevertheless, not
ll gas species are desorbed rapidly from the NW surface which
ompromises the response time of sensor. As mentioned in the
xperimental section of the paper, we propose to overcome this
rawback through the application of UV radiation pulses instead of
ators B 144 (2010) 56–66 63

thermal agents. The mechanisms of improving the dynamic char-
acteristics of the gas sensor by using UV pulses are explained as
follows.

After the sensor is illuminated by UV light, the electron-hole
(e− − h+) pairs are photogenerated (h	 → e− + h+). The electron-
hole pairs are separated in the surface depletion charge region
and the holes (h+) diffusing/migrate to the surface to discharge the
adsorbed gas species and to decrease the thickness of the depletion
layer near the surface [87]:

h+ + O−
2 (ad) → O2, h+ + O−(ad) → 1

2 O2 (14)

After trapping holes, the oxygen/gas species are photo-desorbed
from the surface which results in reducing the depletion region.
The unpaired electrons contribute to the decrease of the resistivity
of ZnO nanowire. The entire process is dependent on the ambient
atmosphere. The pulse of UV light applied to the sensor causes des-
orption of oxygen, gas ions and water molecules from the sensor
surface, therefore producing clean ZnO nanowire surface [88,89].
This stimulates returning of ZnO nanowire sensor resistance to the
initial Ra value by changing conduction channel of the single ZnO
NW (see insert in Fig. 9). In this way a pulse of UV light facilitates the
adsorbed gas to be easily desorbed and swept away from the surface
of ZnO [22]. These findings brings us to the idea of the exploration
of the effect of the UV light irradiation between pulses of lower
concentrations of H2 gas tests.

As discussed above, another component of gas sensitivity is
related to defects, especially oxygen vacancies can act as adsorp-
tion sites for gas species. According to recent reports [26,27]
surface defects such as oxygen vacancies can influence the elec-
tronic/chemical properties, adsorption behavior of metal oxides
surfaces, and reversibility of sensor characteristics. The presence
of oxygen vacancies in our samples is indicated by VO-related
luminescence emission at 490 nm (2.53 eV) [90]. The interaction
of hydrogen molecule with surface defects is modeled as follows:

H2 + Ȯi → H2O + Ox
O + e′ H2 + V̇O + e′ → H2O + Ox

O (15)

where Ox
O is neutral oxygen in oxygen site, V̇O is a positive charged

oxygen vacancy, e′ is negatively charged electron according to
the Kröger-Vink notation [91]. According to previous reports [92]
gas molecules can bind more tightly with oxygen vacancies, thus
attracting more charge from zinc oxide surface compared with
defect-free ZnO surface, which is in good agreement with the close
relationship between the concentration of oxygen-related defects
and H2 sensitivity of ZnO gas sensor. Our experimental results cor-
roborate the correlation between surface defects and gas-sensing
property of a ZnO gas sensor.

Here we have to mention that the adsorption of hydrogen
species on the ZnO surface has been in the focus of researchers for
more than 40 years [93,94]. It is of great importance to understand
the interaction of hydrogen with ZnO surfaces. This will enable
the design of ZnO-based hydrogen sensors, especially by using
nanowires as potential candidates for nanoscale devices. How-
ever, these processes are complicated by various types of hydrogen
adsorption on ZnO, which are very sensitive to experimental con-
ditions [93].

According to previous reports [93–95] chemisorbed hydrogen
on ZnO surface is more often observed in experiments. It consists
of dissociative and heterolytic chemisorption of H2 on both surface
Zn and O sites. The associate reaction is rapid and reversible at
room temperature. However, further research is needed to clarify

the sensing mechanism.

Conclusions on sensing mechanism:

(a) A smaller diameter of ZnO NW means that more atoms are
surface atoms that will participate in surface reactions.
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b) A smaller diameter of ZnO NW means that the Debye length
�D (a measure of the field penetration into the bulk) is compa-
rable to the radius, which causes their electronic properties to
be more influenced by adsorption–desorption processes at the
surface.

(c) The response and recovery times of ZnO NW sensor are deter-
mined by the adsorption–desorption kinetics that depends on
the operation temperature [26,27]. The increased electron and
hole diffusion rate to the surface of the nanodevice allows the
analyte to be rapidly photo-desorbed from the surface (a few
seconds) even at room temperature under UV light pulse.

d) ZnO nanowires grown by CVD exhibit stoichiometric composi-
tion and are characterized by a higher level of crystallinity than
the multigranular oxides currently used in sensors. This should
potentially reduce the instability associated with percolation
or hopping conduction.

These results indicate that the surface depletion has a significant
nfluence on the electronic transport behavior of ZnO nanowires
ince the depletion width can be comparable to the nanowire
iameter. This explains why the operation mode of ZnO nanowire
evices can be controlled by the modulation of surface states
hrough surface morphology engineering and size control.

. Conclusions

The nanoscale sensor based on a single ZnO nanowire (100 nm
n diameter) was fabricated by using focused ion beam (FIB/SEM)
nstrument. The diameter dependence of the gas response and
electivity of a single ZnO nanowire (NW) synthesized by chemical
apor phase growth method was studied. It was shown that NWs
nnealing at 400 ◦C in hydrogen leads to passivation of recombina-
ion centers thus modifying the NWs properties and decreasing the
as responsivity.

It was demonstrated the dependence of the gas response on the
iameter of ZnO NW-based sensors and the highest gas response
about 34%) was obtained from a sensor based on a single ZnO
W with 100 nm in diameter. For comparison, 200 nm NW shows
lower gas response to H2 (less than 10%) at room temperature.

t was found that the fabricated ZnO NW nanosensor response to
00 ppm NH3 and i-Butane or 200 ppm CH4 is much lower in com-
arison with the response to H2 gas.

The gas response and selectivity of the ZnO nanowires to H2,
H3, i-Butane, CH4 gases at room temperature demonstrate that a

ingle NW holds a high promise for nanoscale sensor applications.
his is supported by the capability to operate at room temperature
nd the possibility to tune the gas response and selectivity by the
urface defect concentration and the diameter of ZnO nanowire.

The obtained dependences of the gas response for different
iameter ZnO nanowire-based sensors are discussed considering
ross-sectional view of ZnO NWs with different radii (r), same
ebye length (�D) and conduction channel, respectively. Our exper-

mental data confirm the prospects of thin ZnO NWs as active
lements for nanoscale sensors operating at room temperature. The
eduction of the nanosensor’s recovery time through the irradiation
ith an ultraviolet radiation pulse was demonstrated. The sensing
echanisms of ZnO nanowires were elucidated.
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