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bstract

Undoped nanocrystalline n-ZnO thin films were deposited on SiO2-coated p-Si substrates by sol–gel technique to fabricate ZnO-based resistive
ensors for methane detection. The resistance change was studied at different temperatures (50, 150, 200, 250, 300 and 350 ◦C) with two different
etallic contacts to ZnO, e.g. gold and palladium-silver, in air and in the presence of three different concentrations (0.1, 0.5 and 1%) of methane

n N carrier gas. The response, response time and recovery time were studied in detail. A significant improvement of the sensor performance was
2

bserved with a Pd-Ag (26%) contact. The maximum response of 74.3% and the lowest response time of 16.3 s were obtained at 250 ◦C using the
d-Ag (26%) catalytic metal contact to ZnO. The mechanism of sensing by ZnO was suggested similar to that of the SnO2 sensors reported by
amazoe.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Methane gas is highly volatile when mixed with air and can
ause explosions due to ready inflammability. Methane may also
isplace oxygen to cause asphyxiation in cramped or inade-
uately ventilated areas. In addition, it has recently been reported
hat methane is about 20 times more effective greenhouse warm-
ng gas than carbon dioxide [1]. Thus, the development of a
eliable and cost effective methane gas sensor remains a promis-
ng problem for timely detection of its conspicuous presence in
he environment around us and in the coalmine atmosphere to
ave human life.

Semiconducting oxides like SnO2 [2–4], Ga2O3 [5], Co3O4
6], etc., were reported for detection of methane, but the sensing
emperature reported is quite high (∼350–450 ◦C) [2–5], which
s inconvenient for using the sensors particularly in mining envi-
onment where high temperature may cause explosions. It may

lso incur higher power consumption [7] and short battery life-
ime. Moreover, the response time of few tens of seconds to

inutes with the above sensors have been reported [2,5,6].
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ZnO is a versatile material having applications in the areas
ike SAW devices [8], varistors [9], transparent electrodes [10],
ptoelectronics [11], etc. Several reports have already been
ublished on the gas sensing properties of ZnO [12,13]. This
s usually an n-type compound semiconductor with hexagonal
urtzite structure and a wide band gap (∼3.2–3.4 eV) at room

emperature [14]. ZnO thin films can be conveniently deposited
n various substrates by well-known methods like sputtering
15], spray pyrolysis [16], CVD [17] and sol–gel [18]. The sto-
chiometry and doping can control the conductivity of ZnO.

oreover, ZnO is well lattice matched with Si for standard
MOS technology. Very few reports have so far been published
n methane sensors based on ZnO [19,20]. Although Nunes et
l. published a report on ZnO sensors for methane detection at
ow temperatures (100–200 ◦C), no detailed study on dynamic
esponse behavior was reported [19].

In this paper, we report on the deposition of nanocrystalline
nO thin films on SiO2-coated p-Si (for possible integration with
tandard CMOS technology) by a sol–gel method and its appli-
ation as a methane sensor. The sensor study in the resistive mode

as performed at different temperatures (50, 150, 200, 250, 300

nd 350 ◦C) and at different methane concentrations (0.1, 0.5
nd 1%). The response and the response time as a function of
ethane gas concentration were studied at optimum tempera-
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ure. Both Au and Pd-Ag (26%) were used as a metallic contact
o the ZnO layer. The Pd-Ag contact was found to produce a rel-
tively lower optimum temperature of 250 ◦C for the maximum
esponse and short response time. It was further observed that
he sensor could also exhibit an appreciable response (∼44%)
nd an acceptable response time (∼65 s) at a temperature
own to 150 ◦C. On the other hand, an Au contact showed
50 ◦C as the optimum temperature for the maximum response
∼54%).

. Experimental

0.45 M Zinc acetate dihydrate (Zn(CH3COO)2·2H2O) (98%)
as mixed with isopropanol and was stirred at room temperature.
hen the solution turned milky, diethanolamine (DEA) was

dded slowly to yield a clear transparent homogeneous solution
21]. After aging for 24 h, the solution was subjected to spin coat-
ng on the SiO2 thermally grown over p-Si (resistivity 1 � cm,
00 �m thick) substrates with a dimension 4 mm × 4 mm. The
otation speed of the coating unit was 1000 rpm and the duration
f the single coating was 25 s. Then the samples were heated at
10 ◦C for 10 min to evaporate the solvent and to remove organic
esiduals. Finally, the samples were annealed at 600 ◦C for pro-
ucing nanocrystalline ZnO. The entire process was repeated
or three times and a ZnO film of ∼900 nm thickness with the
article size ranging from 45 to 75 nm was produced. X-ray
iffraction (XRD) measurements (Phillips PW 1730/10) of ZnO
lms were carried out using Cu K� (λ = 0.15404 nm) as the
ource line. The scanning electron microscopic (SEM) images
ere taken using a JSM-5600 (JEOL) scanning electron micro-

cope.
Two different configurations were made for sensor study. In

ne Au and in the other Pd-Ag (26%) were deposited on ZnO
y an e-beam deposition method (10−6 mbar) using Al metal
asks. The contact area was kept 2 mm × 2 mm in both cases.
he schematic of the sensor configuration is shown in Fig. 1.

The sensor characteristics were studied inside a closed glass
ube (10 cm × 4 cm �) with inlet and outlet for gases and it

as placed coaxially inside a resistively heated furnace with
4 cm constant temperature zone. The temperature was con-

rolled within ±1 ◦C using a copper constantan thermocouple
n-built in a precise temperature controller. Electrical connec-

(
t
a
fi

Fig. 2. Schematic of the gas se
ig. 1. Schematic of the sensor structure with an Au or Pd-Ag (26%) contact.

ions were taken by using fine copper wire and silver paste for
he metallization contacts.

For sensor study high purity (100%) methane gas and IOLAR
rade N2 in desired proportions were allowed to flow to the gas-
ensing chamber through a mixing path via an Alicat Scientific
ass flow controller and a mass flow meter for keeping the mass
ow rate and thus the concentration of the methane gas constant

hroughout the experiments. The schematic of the sensor mea-
urement setup is presented in Fig. 2. The gas pressure over the
ensor device was 1 atm during the experiments. The resistance
f the sensors in the presence and absence of CH4 was measured
y a Keithley 6487 picoammeter/voltage source.

. Results and discussion

Fig. 3 shows the X-ray diffraction pattern of the ZnO film
eposited by the sol–gel method and Fig. 4 shows the SEM
icrograph of the same film. The XRD pattern indicates the

rowth of the film along the five planes of orientation (0 0 2),
1 0 0), (1 0 1), (1 0 2) and (1 1 0). The most preferential growth
ccurred obviously along the c-axis (0 0 2) plane. The surface
orphology studies reveal randomly oriented grains having

exagonal structure with an average size of 45–75 nm with a
ubstantial amount of pores having an average diameter of 56 nm
hich is very useful for methane gas sensing. It was observed

hat for the film in the thickness range 300–600 nm, the quality
f the film was deteriorated substantially at higher temperature

350 ◦C), thereby destroying the sensor structure even with short
ime operation. But the film of 900 nm thickness was quite stable
nd so all the measurements were done with 900 nm thick ZnO
lms.

nsor measurement setup.
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ig. 3. The XRD pattern of the nanocrystalline ZnO surface annealed at 600 ◦C
or 30 min.

Systematic gas sensing studies were made on ZnO thin films
sing both Au and Pd-Ag contacts. Initially the response to
% CH4 was recorded at different operating temperatures. The
esponse S is expressed in terms of sensor resistance in air (Ra)
nd in test gas (Rg) as follows [22]:

= Ra − Rg

Ra

he response time is defined as the time to reach 67% of the
aturation response.

The response as a function of operating temperature to 1%
H4 for both types [Au and Pd-Ag (26%)] of contacts to ZnO are

hown in Fig. 5. It clearly shows that the temperature for the max-
mum response was brought down from 350 ◦C with an Au con-
act to 250 ◦C by using the Pd-Ag contact. Moreover, the max-
mum response increased from 56.1% (Au) to 74.3% (Pd-Ag).
nother important observation was that though the maximum
esponse (with Pd-Ag contact) is obtained at 250 ◦C, the sensor
hows a quite moderate response (44%) and response time (65 s)
ven at 150 ◦C. With an increase in temperature above 250 ◦C,
he response decreased. This behavior can be explained from the

ig. 4. SEM images of the nanocrystalline ZnO surface annealed at 600 ◦C for
0 min.

r
n
g
c

Fig. 5. Response to 1% methane as a function of temperature.

inetics and mechanism of gas adsorption and desorption on the
nO or similar semiconducting metal oxide surfaces [23].

Fig. 6 shows the variation of response as a function of
ethane concentration for both types of contacts. It is apparent

rom the figure that there is an increasing trend of response upon
xposure to higher methane concentrations eventually reaching
aturation. The same adsorption–desorption kinetics plays the
ivotal role with the sticking coefficient initially increasing with
ncreasing CH4 concentration, followed by a decreasing trend at
ery high methane concentrations. It was observed that the Pd-
g contact is more efficient for sensing lower concentrations of
ethane.
The transient response behavior of the sensor structures in

.1, 0.5 and 1% methane for an Au contact at 350 ◦C and for Pd-
g at 250 ◦C are shown in Fig. 7(a and b), respectively. Upon

xposure to methane the sensor resistance initially decreased
ue to the release of free electrons and then got saturated, while
n cutting off the methane supply the resistance increased and

eturned nearly to its baseline value. Fig. 7 shows that they do
ot reach exactly the baseline value possibly because of some
as molecules remaining adsorbed on the sensor surface. The
alculated values of response, response time and recovery time

Fig. 6. Response as a function of methane concentration.
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Fig. 7. Transient response characteristics with (a) Au contact (b) Pd-Ag contact.
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Fig. 8. Response, response time and recovery time as a function of gas co

or different gas concentrations are plotted in Fig. 8, which
hows that the values improve significantly with the Pd–Ag alloy
ontact.

As expected, our results show that the response, response
ime and recovery time are the functions of methane concen-
rations. An increase in methane concentration provides more

ethane molecules to be adsorbed on the oxide surface per unit
ime, thereby favoring the fast electron transport kinetics, as a
esult of which the response increases and the response time
ecreases. On the other hand, the recovery time is longer due to
low desorption kinetics of the methane gas from the interface

t higher concentrations.

The results indicate that the response, response time and
ecovery time for the ZnO-based methane sensor were not so
triking with an Au contacts. Moreover, operating temperature

m
T
2
f

able 1
esponse, response time and recovery time at different gas concentrations and at diff

emperature (◦C) Response time (s) Recover

0.1% 0.5% 1% 0.1%

50 106 98 65 122
00 54 47 27 76
50 22 20.1 16.3 28
00 38 35 28 44
50 46 43 37 53

he bold values correspond to the optimum operating temperature of our sensor. At th
s minimum.
ration for (a) Au contact (350 ◦C) and (b) Pd-Ag (26%) contact (250 ◦C).

as also quite high (350 ◦C). The response, response time and
perating temperature (250 ◦C) of the sensor structure have been
ignificantly improved by incorporating Pd-Ag as a contact to
nO, due to the fact that Pd is a good catalytic metal for oxida-

ion of H2, CH4 and other hydrocarbons. Ag was alloyed with
d to prevent the formation of palladium hydride, which affects

he Pd/ZnO interface property and thus the stability of the sen-
or. Nevertheless, Ag was also added to the catalytic effect to
d, will be discussed later.

Table 1 shows the response, response time and recovery
ime of the sensor with a Pd-Ag (26%) contact at different
ethane concentrations and at different operating temperatures.
o 1% methane the maximum response of 74.3% was obtained at
50 ◦C, whereas the minimum response and recovery time were
ound to be 16.3 s (1% CH4) and 28 s (0.1% CH4), respectively.

erent operating temperatures of ZnO with a Pd-Ag (26%) contact

y time (s) Response (%)

0.5% 1% 0.1% 0.5% 1%

129 146 24 30 44
88 92 28 33 46
32.1 36.1 44.1 63.3 74.3
47 56 34 42 51
58 64 31 39.5 48

is temperature (250 ◦C) the sensitivity is maximum and response/recovery time
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So far the reported sensor structures based on different types
f semiconducting oxides and mostly working in the resistive
ode are operated either at high temperature with appreciably

ong response time or at low temperature without any informa-
ion on response time. For example, Fleischer and Meixner [5]
eported on a Ga2O3-based methane sensor, which was oper-
ted at 420 ◦C with a response time of the order of minutes.

öllenstein et al. [6] have reported Co3O4-based sensors oper-
ting at 240 ◦C with a response time of 6 min. Nunes et al. [19]
eported a ZnO-based methane sensor at a relatively lower oper-
ting temperature of 100 ◦C, but without any information on the
ynamic response characteristics. Our results showed that the
ptimum operating temperature of sensing is moderately low
250 ◦C) and the response time is also appreciably fast (∼16 s).

A possible mechanism for methane sensing in the present
tudy is depicted as follows. It is known that addition of a small
mount of noble metal, e.g. Pd or Pt, to the metal oxide can
romote not only the gas sensitivity but also the rate of response
o a great extent due to the catalytic activities of these metals
or oxidation of inflammable gases like methane. According to
amazoe [24], Pd and Ag act as an electronic sensitizer as they
ffect the work function of SnO2 during gas sensing. Follow-
ng the same arguments, we can envisage that the work function
f ZnO shifts (increases) in the presence of Pd and Ag in air,
hereby widening the depletion region on the ZnO–Pd (Ag) inter-
ace, as indicated in Fig. 9. However, this shift vanishes when
he samples are exposed to methane or similar reducing atmo-
phere. Fig. 10 clearly depicts that there is a change in the ZnO
ermi level in the presence of hydrogen, thereby reducing the
and bending facilitating the electron transport. As reported by
ohl [25], methane dissociates to a methyl group and hydrogen,

ollowed by combining the adsorbed hydrogen atoms producing
ydrogen molecule, as shown below:

H4gas ↔ CH3ads + Hads

ads + Hads ↔ H2

he hydrogen molecule then reacts with the adsorbed oxygen
n the Pd (Ag) surface (shown in Fig. 9) and produces H2O.
he adsorbed organic radicals undergo a chain of reactions and
nally produce CO2 as another product.
Silver was primarily alloyed with Pd to prevent the formation
f palladium hydride in the presence of hydrogen coming from
ethane [26]. Palladium hydride has poor lattice matching with
nO and as a result Pd may be chipped off from ZnO, thereby

Fig. 9. Sensitization mechanism of Pd-Ag/ZnO sensor.

R

ig. 10. Schematic band diagrams of Pd-Ag/ZnO in (a) oxidized state and (b)
educed state.

amaging the Pd–ZnO interface. As reported in the literature,
ince silver has a similar sensitizing property to Pd [24], it may
e expected that the Ag added may further sensitize the surface
atalytic reaction apart from improving the interface property
ignificantly.

. Conclusion

Methane and other hydrocarbon sensors, so far reported in the
iterature, are mainly based on SnO2. In this report, nanocrys-
alline zinc oxide thin films produced by well-known sol–gel
ethod were found to produce an efficient resistive gas sensor

or methane sensing. A Pd-Ag catalytic contact to zinc oxide
howed a quite high response (∼74%) at 250 ◦C and a response
ime of ∼16 s, which is much shorter than the reported results
howing in the order of minutes.
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