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a  b  s  t  r a c  t

A  single ZnO microwire  detector  for  the  monitoring of  natural  gas  species is described. Single-crystal

ZnO  microwires  were synthesized  using a carbothermal reduction vapor  phase transport method. It was

characterized  by  XRD, EDX,  SEM,  Raman and  photoluminescence techniques.  The sensor  structure was

fabricated  by  in  situ lift-out  method  using  focused ion beam  (FIB)  system.  The prototype is  then func-

tionalized  with  palladium and used  as sensing  element.  The  main  advantage of  the  FIB procedure is  a

quick  verification/testing of concept  and is  compatible  with  micro/nanoelectronic devices.  A response  of

5%  was obtained  for a single ZnO  microwire  sensor  at  2000 ppm natural  gas  in the  air at  room  tempera-

ture.  At  400 ◦C the response increases  to 40%. Selectivity to different gasses  was investigated  and higher

response  was  detected for  natural gas.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Natural gas (NG) is an  important feedstock for potential res-

idential fuel cell systems because the infrastructure to supply

natural gas is already established and the technology for producing

hydrogen from natural gas [1] is  available. The majority of current

natural gas sensors are based on the catalytic mechanism of oper-

ation. The obvious drawback of these types of sensors is  that they

can be easily poisoned by halogens and halogen derivatives. The

oxide semiconductor (SnO2, ZnO, etc.)-based natural gas sensors

showed excellent response and recover characteristics and can

potentially overcome obstacles, such as sensitivity and selectivity

[2–6]. Among various materials, ZnO is one of the most promising

multifunctional materials for NG sensors due  to its advantageous

features, such as high sensitivity under ambient conditions,
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low-cost and simplicity in synthesis. Few data on ZnO as sensing

material for natural gas were reported previously. Wang et al. [7]

reported on thermal desorption spectroscopy TDS and adsorption

probability measurements of iso-butane on the Zn-terminated

surface of ZnO. Mazingue et al. [8] reported on optogeometric

properties of ZnO sensitive thin films involved in butane gas sens-

ing and on the butane sensing using ZnO-nanostructured coatings

prepared by pulsed laser deposition [9].  Lupan et al.  [10] investi-

gated gas response of an individual ZnO tetrapod-based sensor to

CH4 gas at 100 ppm concentration. Lee et al. [11] studied the ZnO

nanorod-coated quartz crystals as self-cleaning thiol sensors for

natural gas fuel cells and their results highlight the potential of

ZnO nanorod-grown quartz crystal microbalance as  self-cleaning

sensors capable of long-term operation under harsh conditions.

Kim et  al.  [12] demonstrated possibility to develop on oxide

films propane/butane gas sensor with low power consumption

(as low as 100 mW) for the application to portable gas detection

devices. However, no reports on the natural gas using individual

Pd-functionalized ZnO microwire were found in  the literature.

ZnO nanorods/nanowires have been grown by  a variety of

methods such as pulsed laser deposition [13], vapor phase

transport process [14], chemical vapor deposition method [15].

0924-4247/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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More recently, the solution chemical route has been reported as

a low-cost, low-temperature method of ZnO synthesis [16,17].

However, the nano-size makes the ZnO sensing devices difficult

to survive under extreme environments. In order to develop reli-

able ZnO-based gas sensing devices, the high-quality zinc oxide

microwires [18,19] are employed to optimize the NG sensing per-

formance.

Here, we demonstrate a  single ZnO microwire can be used to fab-

ricate a NG detector. This study shows a simple and  cost-effective

method to fabricate low-dimensional ZnO device, possibly leading

to a next generation of oxide semiconductor gas sensors for a  wide

range of applications.

2. Experimental

The carbothermal reduction vapor phase transport growth of

ZnO microwire structures was carried out in  a  horizontal furnace

with an argon/oxygen flow as  described elsewhere [18].  The argon

and oxygen flow rates were set as  60 sccm and 200 sccm, respec-

tively. A mixture of ZnO (99.99%) and graphite (99.999%) powder in

ratio of 1:1 was used as  a  source material placed in an inner quartz

tube of the end opposite to the entrance of the gas flow. A temper-

ature profile with the maximum of 1030 ◦C at the source material

and 1000 ◦C at the substrate was set in the furnace with the tem-

perature gradient in the direction opposite to the gas flow. A Si or

Al2O3 substrate was  placed at the distance of 1 cm up-stream from

the source material (i.e. in the direction opposite to the gas flow).

The growth process was  performed during a 1–2 h period of the

time.

The crystalline quality and orientations of as-prepared ZnO

structures were analyzed by X-ray diffraction (XRD) using a  Rigaku

‘D/B max’ X-ray diffractometer (Cu K� radiation source with

� = 1.54178 Å). The operating conditions were 30 mA and 40 kV at

a scanning rate of 0.04◦/s. The morphology of the products was

analyzed by scanning electron microscopy (SEM). The ZnO wires

were characterized by  energy dispersion X-ray spectroscopy (EDX).

The morphology is  considered to play a vital role in device appli-

cations. The continuous wave photoluminescence (PL) was excited

by the 351.1 nm line of a Spectra Physics Ar+ laser and analyzed

with a double spectrometer ensuring the spectral resolution bet-

ter than 0.5 meV. The samples were mounted on the cold station

of a LTS-22-C-330 optical cryogenic system. The Raman scatter-

ing (RS) measurements were carried out at room temperature with

a MonoVista CRS Confocal Laser Raman System in the backscat-

tering geometry under the excitation by  a 532 nm  DPSS laser. An

in situ lift-out technique was used  for the device fabrication in

a focused ion beam (FIB) instrument. Before being integrated in

sensor structure microwires were dipped in  a 20 mM  PdCl2 in

ethanol and afterwards thermal treated at 400 ◦C. The gas response

was measured using a two-terminal ZnO microwire device [19,20].

Its characteristics were measured using a  semiconductor parame-

ter analyzer with input impedance of 2.00 × 108 �.  The fabricated

device structure was put in  an environmental chamber to detect

different gasses (H2,  O2, C2H5OH, CO, CO2 and natural gas (NG)).

The humidity of the gas mixture was about 60%RH. The gas flow

was controlled by  MKS  mass flow controller and test system as

reported before [10,21,22].

3. Results and discussion

Fig. 1 shows an SEM micrograph of microwires grown at an

oxygen flow rate of 60 sccm and  at a  temperature ramp-up rate

of 30 ◦C/min. The average length and diameter of these ZnO

microwires are 50–200 �m and 1–3 �m,  respectively. It  was also

found that the cross-section of the ZnO microwires was  well

Fig. 1. (a) SEM image of the ZnO microwires synthesized by carbothermal reduction

vapor  phase transport; and (b) the EDX  analysis of ZnO microwires.

-defined hexagons. The EDX analysis of the produced structures

demonstrates a  stoichiometric ZnO composition in the limits of the

sensitivity of the EDX system. We found that the Zn:O ratios in  our

nanostructures to be 50.1:49.9 atomic ratio in all samples (Fig. 1b).

Fig. 2 presents the XRD patterns of the ZnO microwires that are

shown in Fig. 1a. It  can be seen that all diffraction peaks are from

crystalline ZnO with the hexagonal wurtzite structure. The narrow

peak width at (0 0 2) indicates that c-axis of the microwires are

Fig. 2. Typical XRD pattern of the ZnO microwires.
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Fig. 3. Photoluminescence spectrum measured at:  (1) 10 K; and (2)  300 K. The inset

is  the detailed presentation of the excitonic luminescence at 10 K.

well aligned along the growth direction. The lattice constants a

and c were determined as a  = 0.325 nm,  c = 0.520 nm  by  using the

following equation [16]:

1

d2
(h k  l)

= 4

3

(
h2 + hk + k2

a2

)
+ l2

c2
. (1)

The lattice parameter d(0 0 2) value of the produced ZnO is  2.60 Å

which is the same as  that of the un-stressed ZnO bulk. All observed

Bragg reflections are consistent with the Wurtzite P63mc space

group.

The PL of the material produced consists of a series of emis-

sion lines in the near-band-edge spectral region, and two  PL bands

with central positions at 2.5 eV  and 2.0 eV in  the visible spectral

range (Fig. 3). Note that the intensity of the near-band-edge emis-

sion (NBE) at low temperature (10 K) is two orders of magnitude

higher than the intensity of the visible luminescence. The near-

band-edge luminescence is  dominated by the emission related to

the recombination of donor bound excitons (D0X) [23,24] with a

series of LO phonon replica (Fig. 3). D0X lines (see the inset in Fig. 3)

are identified as  previously reported I4, I8, and I9 lines. The pres-

ence of a PL band related to the recombination of free excitons is

indicative of a high optical quality of the material. With the increase

of the temperature, the donor bound exciton luminescence sharply

decreases due to the small binding energy of excitons. As a result,

at high temperatures the near-band-edge PL is dominated by  the

recombination of free excitons which produces a PL band with the

maximum at 3.3 eV.

The non-polarized micro-Raman spectrum measured in

backscattering geometry from the cross-section of a bunch of  the

produced ZnO microwires in  the direction parallel to the optical

axis (i.e. in the z-direction) is presented in Fig. 4a.  This spectrum

demonstrates the good quality of the wurtzite crystal structure

in the produced material. Wurtzite ZnO belongs to  the C6v space

group (P63mc).  According to group theory, the corresponding zone

center optical phonons are  A1 + 2B1 + E1 + 2E2 [25].  The A1 + E1 + 2E2

modes are Raman active, while 2B1 are silent. The low-frequency

E2 mode is predominantly associated with the non-polar vibration

of the heavier Zn sublattice, while the high frequency E2 mode

involves predominantly the lighter oxygen atoms. The A1 and E1

modes are split into LO and TO components. Except for the LO

modes, and the low frequency E2 mode which is outside the range

Fig. 4. (a) Room-temperature micro-Raman spectrum of a ZnO microwire bunch;

and  (b) a  single ZnO microwire measured in  backscattering geometry. A  typical SEM

image  of the ZnO microwire bunch is shown as inset in (a), and a CCD image  of the

confocal  Raman microscope of a  single ZnO microwire is shown as inset in (b). The

non-polarized spectrum in (a) is measured in the z-direction, while the polarized

spectrum  in (b) is measured in the x-direction.

of the presented Raman shifts, all Raman active phonon modes are

clearly identified in the spectrum. The LO modes are  not visible

in the spectrum, likely due to the presence of a high free carrier

concentration in  the sample [14,26]. The peak at 331 cm−1 E2H–E2L

is  attributed to second order Raman processes involving acoustic

phonons [27]. The intensity of the high-frequency E2 mode is  much

higher as compared to the intensity of A1(TO) and E1(TO) modes,

since the high-frequency E2 mode is allowed in this geometry,

while the A1(TO) and E1(TO) modes are forbidden. The presence of

weak A1(TO) and E1(TO) modes in  the spectrum of Fig. 4a is due

to the deviation from a true backscattering geometry. The peak

corresponding to E2(high) mode has a linewidth of about 6 cm−1

which is comparable to values reported for high quality ZnO bulk

crystals [28].  The position of the E2 (high) peak corresponds to

the phonon of a  bulk ZnO crystal indicating a strain-free state

of the nanowire. Therefore, the predominance of the E2 mode

demonstrates a highly oriented growth of ZnO microwires along

the optical axis. This suggestion is confirmed also by the analysis of

the polarized RS spectrum measured from a  single ZnO microwire

in backscattering geometry in  the x-direction (i.e. perpendicularly

to the microwire axis) as shown in Fig. 4b.  One can see that in the

(z,z) polarization for which the A1(TO) is allowed and the E1(TO)

is forbidden, the intensity of the A1(TO) phonon is by  a  factor of  5

higher as  compared with the E1(TO) phonon. An inverse ratio is

observed for the (z,y) polarization for  which the E1(TO) is  allowed

and the A1(TO) is forbidden. The presence of the E2(high) mode

in the spectrum of Fig. 4a  is also due  to the deviation from a true

backscattering geometry.
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Fig. 5. In situ lift-out fabrication of the single ZnO microwire NG sensor. (a) Individual ZnO microwire transferred to  Si/SiO2 substrate; (b) FIB needle was  attached ZnO

microwire  to be used as a sensor. Inset in (b) shows a mirowire connected to  Au/Ti electrode. The scale bar is 20 �m.

The in situ lift-out technique has been used to fabricate the ZnO

hydrogen sensors [29,30] and UV photodetector [19,20]. The pro-

cess was done in  an FIB chamber and  more details can be found in

[10,19,29,30]. To improve the sensing characteristics, the possibil-

ity of functionalization of microwire surface has been investigated.

As mentioned above, ZnO microwires were dipped in a  palladium

chloride solution and thermal treated at 400 ◦C  before in  situ lift-

out fabrication process for sensor structure. Afterwards, the zinc

oxide microwire samples were first transferred onto the inter-

mediate Si/SiO2 substrate in  order to reduce the sample density

and avoid charging problems in  the FIB system (Fig. 5a). Next, an

electro-etched tungsten needle mounted on the micromanipulator

was lowered and brought into the FIB focus to approach an interme-

diate ZnO microwire sample. The needle was moved until in  contact

with the microwire. Then the microwire was attached to the end

of the FIB needle by  ion  beam assisted Pt deposition. The next step

was to scan the Si/SiO2 substrate for well-placed ZnO microwire.

Once a desired microwire was identified the needle is  used to pick

up the ZnO microwire and the ZnO specimen was  removed away

from the substrate (Fig. 5b).

For the gas sensor structure preparation, a  glass  substrate was

used and Au/Ti electrodes were sputter deposited as template with

external electrodes/connections. The gap between the electrodes

was about 20 �m.  With the help of  a  micromanipulator, the ZnO

microwire was placed across the substrate electrode gap. Then,

the Pt deposition was applied to attach both ends of the ZnO

microwire to the Au/Ti electrodes (Fig. 5b insert). In the final step,

the microwire was cut from the anchor point (end of the inter-

mediate ZnO microwire) and  the needle was raised away from

the substrate. The typical time to perform this in situ lift-out FIB

fabrication is about 20–30 min.

The fabricated single ZnO microwire gas sensor was  put in a  test

chamber to detect natural gas and other gasses, such as  H2, O2, CO2,

CO and ethanol at room temperature. The gas response was  defined

as the ratio [29]:

S ≈
∣∣∣�R

R

∣∣∣ , (2)

where |�R| = |Rair − Rgas| and Rair is  the resistance of the sensor in

dry air (∼70 k�) and Rgas is resistance in the test gas.

We found that sensor structure has a  gas response of less than

1.25% for H2, O2,  CO2, CO and ethanol under the same conditions.

The maximum gas response (about 5%) was obtained for 2000 ppm

of natural gas at room temperature. These data will be  discussed

next. The room-temperature natural gas response of the single ZnO

microwire NG sensor is shown in Fig. 6.

According the results presented in  Fig. 6 when  the 2000 ppm

natural is used, the response (�R/R) increases about 5% within 30 s

(from 10% to 90% of  �R/R). Afterwards, the NG gas is turned off and

the detector resistance returns back to the initial value.

Fig. 7a  shows the temperature dependence of  NG response of

the fabricated single ZnO microwire sensor structure. We  can see

that different operating temperatures of ZnO sensor lead to dif-

ferent responses to  NG with a maximum at about 400 ◦C. This

observation could be  explained by the phenomena that at elevated

operating temperature methane more easily decompose in  species

[31,32] and by catalytic reaction of  the gas, which favor increase of

response. According to results presented in  Fig. 7a at  temperatures

>440 ◦C  gas response starts to decrease. This phenomenon is due to

the catalytic reaction of the gas. Each gas would require a certain

optimum temperature to fully undergo the catalytic reaction. How-

ever, in our  published work we have reported [30] on the observed

hydrogenation effects for CVD ZnO 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

Fig. 6.  Natural gas response measurement of the fabricated single ZnO microwire

device  at room temperature.
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Fig. 7. (a) Temperature dependence of natural gas response measurement of a single

ZnO  microwire. (b) Dependence of gas response versus concentration of the natural

gas  measured from a  single ZnO microwire at room temperature.

made on a single ZnO nanowire/microwire. Also, it is necessarily to

mention that thermal annealing at temperatures higher than 400 ◦C

in hydrogen atmosphere conduct to Zn  reduction in ZnO [29,30].

That is why the main goal of our research was to develop a NG sen-

sor working at room temperature. Fig. 7b shows the dependence of

gas response versus concentration (750–3000 ppm) of the natural

gas measured by a  single ZnO microwire at room temperature. It

can be seen that the value of �R/R increases from 4% to 5.2% with

increasing NG concentration from 750 ppm to 3000 ppm at room

temperature. For the methane sensors concentrations of interest

are 1–100%LEL{Lower-Explosive-Limit}  (which is 0.05–5% Volume

corresponding to 500–50,000 ppm).

The possible mechanism for natural gas sensing could be

described as follows. The oxygen adsorption on a zinc oxide sur-

face could be as O2
−, O−,  and O2− ions due to a  reaction followed

by extracting electrons from the conduction band [33,34].  It is

known that for individual ZnO microwires the oxygen adsorption

and desorption dynamics depends sensitively on  the concentration

of surface oxygen vacancies [35,36]. It could have direct influence

on the electron density of  ZnO microwire and the adsorption pro-

cess can be described as follows:

VO + 1

2
O2(gas) + 2e− ↔ O2−(ads). (3)

The gas sensing mechanism can be  explained by the charge

transfer due to adsorption/desorption of an oxygen species on

surface. Sensing mechanism is based on  interaction between

negatively charged oxygen adsorbed on the zinc  oxide surface and

the gas molecules.

The molecular oxygen is adsorbed on  the ZnO surface and the

electrons are consumed following the reactions:

O2(gas) ↔  O2(ads) + ∗ ↔ O2(ads) + e− ↔ O2
−(ads), (4)

where * shows an available surface adsorption site.  Other species

of charged oxygen which exists on  surface could be described in  a

simplified way:

O2(gas) ↔  2O(ads) + ∗ ↔ 2O(ads) + 2e− ↔ 2O−(ads). (5)

Thus, the extraction of electrons reduces the available free electrons

and resistance increases.

It is of importance to consider the effect of H2O in air too. The

water vapors are  adsorbed at the surface in  molecular or hydroxyl

forms and can react with the Zn sublattice and donate electrons as

follows:

H2O + OO + 2ZnZn ↔  2(OH Zn) + VO
•• + 2e−, (6)

where OO is  the oxygen in the lattice site, and  VO
•• is the dou-

bly charged vacancy at this site. According to this equation the

resistivity decreases due to the formation of free electrons.

On the ZnO microwire surface, CH4 is dissociated into CH2
+ or

CH3
+ species and hydrogen. It  is important to note that CH4 is about

98% in  natural gas, other 2% are C2H6,  C3H8, C4H10, C5H12, CO2, etc.

This decomposition intensifies the adsorption of CH4 radicals on

the surface of ZnO and undergoes chain reactions. These reactions

could be attributed to the Joule heat effect [37]:

CH4 + O2−
ad → CH2

+ + 2H− + 3O2− → CO2 + H2O  + 2H− + 5e− (7)

CH4 + O2−
ad → CH3

+ + H− + 7/2O2− → CO2 + 3/2H2O + H− + 6e−

(8)

CH4 + 4O2−
ad → CO2 + 2H2O + 8e− (9)

C3H8 + 5O2−
ad → 3CO2 + 4H2O + 10e− (10)

Based on these reactions it is concluded that due to natural gas

reaction with adsorbed oxygen 5, 6, 8  or 10 free electrons (e−)  are

released. If compare with hydrogen reaction on the surface [33]

H2 + O2−
ad → H2O + 2e− (11)

only two  free electrons (2e−)  are released back into conduction

band. In this way  the larger variation of the electrical resistance

and the higher response value to NG in comparison to H2 gas can

be explained.

Hydrocarbon is  dissociated on ZnO surface or on the surface of

noble metal clusters before reacting with ionosorbed oxygen. We

believe that palladium on the surface of zinc oxide microwire can

improve the gas response and the rate of response due to catalytic

activity for oxidation of natural gas (see inset in Fig. 8). Function-

alization will increase the depletion region of surface, which will

decrease rapidly when exposed to natural gas. This will explain

the electron transport which can be  seen in our  NG response curve

(Fig. 6). Several devices were fabricated using Pd–ZnO wires with

radii between 400 nm and 1000 nm,  which showed reproducible

electrical responses in  experiments repeated over a period of five

months.

Fig. 8  shows the dependences of gas response for different gasses

(H2,  O2, CO2, CO and ethanol under the same conditions) at two

operating temperatures (400 ◦C  and 22 ◦C) for a  functionalized indi-

vidual Pd–ZnO microwire and for a pure ZnO microwire (400 nm in

diameter). For comparison the gas response of  different diameters

ZnO microwire gas sensors were also shown. Insert in Fig. 8 shows a
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Fig. 8. Gas  response of the single ZnO microwire gas sensor for different gasses, operating temperatures and diameters. Inset shows schematic cross-sectional view of pure

ZnO  microwire (left) and Pd-functionalized ZnO microwire (middle and right) with different length of the depleted region (�D).

cross-sectional view of pure ZnO microwire and Pd-functionalized

ZnO microwire with different length of the depleted region (�D).

It explains the proposed sensing mechanism of an individual ZnO

microwire gas sensor exposed to air and to CH4.  More details on

the sensing mechanism complementary to the proposed above can

be found in our recent work [30].  The highest gas response (about

41% and about 5.2% at 400 ◦C and 22 ◦C, respectively) was obtained

from a sensor based on a single Pd -functionalized ZnO microwire

with a diameter of 1000 nm.  For comparison, 400 nm wire shows a

gas response to CH4, less  than 12% in case of Pd-functionalization

of ZnO individual microwire and <0.34% for pure ZnO microwire,

respectively. Our results demonstrate the importance of using thin-

ner and functionalized microwires to design highly sensitive CH4

sensors, which can operate without need of elevated temperatures.

However, according to results presented in  Fig. 8 with lowering

the microwire diameter will decrease the NG selectivity of the ZnO

microwire sensor. From Fig. 8, the 400 nm wire shows a higher sen-

sitivity to ethanol than to CH4 gas at room temperature. This means

that even if sensitivity of  a 400 nm wire is higher than of a 1000 nm

wire, it will not distinguish CH4 between several gas species. At

the same time it is important to mention that our tests results at

400 ◦C demonstrates that samples with a  400 nm wire are not sta-

ble (resistance changes) after each run, which means that sensor

performances decreases. This can be explained by hydrogenation

effects for ZnO wires which influence their properties. Also, the

sensing tests of samples at temperatures higher than 400 ◦C in

hydrogen atmosphere result in Zn  reduction in  ZnO [29,30].  This

phenomenon is  more evident for micro/nanowires with diameters

lower than 400 nm as  was reported before by Lupan et al. [30].

Therefore we did not include results for 400 nm ZnO wires at 400 ◦C.

Fig. 8 (insert) describes the existence of the depletion layer

of space charges at the microwires surface can explain the

diameter-size dependent sensitivity behavior quantitatively. Insert

in Fig. 8 shows cross-sectional view of pure ZnO microwire and Pd-

functionalized ZnO microwire with different length of the depleted

region (�D). It  is clearly shown the suppression of the conduc-

tion channel by the Pd-functionalization of ZnO microwire. By

introducing of such Pd–ZnO microwire in  CH4 the depletion layer

will decrease affecting the conduction channel diameter as shown

schematically in inset of Fig. 8. Another effect is that Pd facilitates

the dissociation of CH4 into ionized chemical species as discussed

above.

The improvement of response time, selectivity and sensitivity

to CH4 by Pd functionalization of  an individual ZnO microwire

observed in Figs. 6–8,  is  most likely related to the acceleration of

the adsorption, reactions and  changes of the conduction channel

Fig. 9.  Stability of an  individual ZnO microwire sensor structure in time.

for different wires. We  are  working on  further improvement of  the

gas response and selectivity by  functionalization. Studies on the

long term stability were performed. In Fig. 9  the sensing structure

shows decreasing trend after 5 months of life at  room temperature.

It is  important to mention that microwire was  not protected from

environment for this period. However, the results are  promising for

device applications. A  comparison with previous work on an indi-

vidual ZnO tetrapod sensor and its CH4 gas detection performances

[10] show a clear improvement of the sensitivity and selectivity

after functionalization of a zinc oxide microwire.

The selectivity (e.g. cross response) is  one of important gas-

sensing issues for oxide microwire gas sensors [38]. The selectivity

between NG, CO and H2 is still one of the major problems for appli-

cations of such sensors due to same reducing character of gasses.

Preliminary results have been presented in  Fig. 8. At the same time

we would like to mention that the response (�R/R) decreases about

15% at room temperature with increase of relative humidity from

60%RH to 97%RH.

We  consider that the properties of the sensing element (indi-

vidual ZnO microwire) can be largely enhanced and the large-scale

fabrication requirements can be satisfied.

4. Conclusions

In this work, a  single ZnO microwire natural gas sensor struc-

ture for the monitoring of natural gas is demonstrated. The ZnO
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microwire material was synthesized with carbothermal reduction

vapor phase transport method. The SEM and  XRD results show the

high quality of the ZnO single crystal structure. FIB in  situ  lift-out

technique is applied to fabricate the single microwire NG detec-

tor. It has been detected gas response of less than 1.25% for H2,

O2, CO2, CO and ethanol under the same conditions. The maxi-

mum gas response (about 5%) was obtained for natural gas at room

temperature. The functionalized ZnO microwire sensor shows reli-

able NG response at room temperature. It was found the value of

gas response increases from 4% to 5.2% with increasing NG con-

centration from 750 ppm to 3000 ppm at room temperature. Its

temperature dependence was investigated and presented. Natural

gas detection mechanism was proposed and  discussed in details.
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