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Abstract

Undoped nanocrystalline n-ZnO thin films were deposited on SiO,-coated p-Si substrates by sol—gel technique to fabricate ZnO-based resistive
sensors for methane detection. The resistance change was studied at different temperatures (50, 150, 200, 250, 300 and 350 °C) with two different
metallic 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
in N, carrier gas. The response, response time and recovery time were studied in detail. A significant improvement of the sensor performance was
observed 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
Pd-Ag (26%) catalytic metal contact to ZnO. The mechanism of sensing by ZnO was suggested similar to that of the SnO, sensors reported by

Yamazoe.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

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

Semiconducting oxides like SnO; [2—4], Ga;03 [5], Co304
[6], etc., were reported for detection of methane, but the sensing
temperature reported is quite high (~350-450 °C) [2-5], which
is inconvenient for using the sensors particularly in mining envi-
ronment where high temperature may cause explosions. It may
also incur higher power consumption [7] and short battery life-
time. Moreover, the response time of few tens of seconds to
minutes with the above sensors have been reported [2,5,6].
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ZnO is a versatile material having applications in the areas
like SAW devices [8], varistors [9], transparent electrodes [10],
optoelectronics [11], etc. Several reports have already been
published on the gas sensing properties of ZnO [12,13]. This
is usually an n-type compound semiconductor with hexagonal
wurtzite structure and a wide band gap (~3.2-3.4eV) at room
temperature [14]. ZnO thin films can be conveniently deposited
on various substrates by well-known methods like sputtering
[15], spray pyrolysis [16], CVD [17] and sol—gel [18]. The sto-
ichiometry and doping can control the conductivity of ZnO.
Moreover, ZnO is well lattice matched with Si for standard
CMOS technology. Very few reports have so far been published
on methane sensors based on ZnO [19,20]. Although Nunes et
al. published a report on ZnO sensors for methane detection at
low temperatures (100-200 °C), no detailed study on dynamic
response behavior was reported [19].

In this paper, we report on the deposition of nanocrystalline
ZnO thin films on Si0;-coated p-Si (for possible integration with
standard CMOS technology) by a sol-gel method and its appli-
cation as a methane sensor. The sensor study in the resistive mode
was performed at different temperatures (50, 150, 200, 250, 300
and 350°C) and at different methane concentrations (0.1, 0.5
and 1%). The response and the response time as a function of
methane gas concentration were studied at optimum tempera-
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ture. Both Au and Pd-Ag (26%) were used as a metallic contact
to the ZnO layer. The Pd-Ag contact was found to produce a rel-
atively lower optimum temperature of 250 °C for the maximum
response and short response time. It was further observed that
the sensor could also exhibit an appreciable response (~44%)
and an acceptable response time (~65s) at a temperature
down to 150°C. On the other hand, an Au contact showed
350 °C as the optimum temperature for the maximum response
(~54%).

2. Experimental

0.45 M Zinc acetate dihydrate (Zn(CH3COO);-2H,0) (98%)
was mixed with isopropanol and was stirred at room temperature.
When the solution turned milky, diethanolamine (DEA) was
added slowly to yield a clear transparent homogeneous solution
[21]. After aging for 24 h, the solution was subjected to spin coat-
ing on the SiO; thermally grown over p-Si (resistivity 1 €2 cm,
400 pm thick) substrates with a dimension 4 mm x 4 mm. The
rotation speed of the coating unit was 1000 rpm and the duration
of the single coating was 25 s. Then the samples were heated at
110 °C for 10 min to evaporate the solvent and to remove organic
residuals. Finally, the samples were annealed at 600 °C for pro-
ducing nanocrystalline ZnO. The entire process was repeated
for three times and a ZnO film of ~900 nm thickness with the
particle size ranging from 45 to 75 nm was produced. X-ray
diffraction (XRD) measurements (Phillips PW 1730/10) of ZnO
films were carried out using Cu Ko (A =0.15404nm) as the
source line. The scanning electron microscopic (SEM) images
were taken using a JSM-5600 (JEOL) scanning electron micro-
scope.

Two different configurations were made for sensor study. In
one Au and in the other Pd-Ag (26%) were deposited on ZnO
by an e-beam deposition method (10~ mbar) using Al metal
masks. The contact area was kept 2 mm x 2 mm in both cases.
The schematic of the sensor configuration is shown in Fig. 1.

The sensor characteristics were studied inside a closed glass
tube (10cm x 4cm ¢) with inlet and outlet for gases and it
was placed coaxially inside a resistively heated furnace with
a 4cm constant temperature zone. The temperature was con-
trolled within £1 °C using a copper constantan thermocouple
in-built in a precise temperature controller. Electrical connec-
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Fig. 1. Schematic of the sensor structure with an Au or Pd-Ag (26%) contact.

tions were taken by using fine copper wire and silver paste for
the metallization contacts.

For sensor study high purity (100%) methane gas and IOLAR
grade N in desired proportions were allowed to flow to the gas-
sensing chamber through a mixing path via an Alicat Scientific
mass flow controller and a mass flow meter for keeping the mass
flow rate and thus the concentration of the methane gas constant
throughout the experiments. The schematic of the sensor mea-
surement setup is presented in Fig. 2. The gas pressure over the
sensor device was 1 atm during the experiments. The resistance
of the sensors in the presence and absence of CH4 was measured
by a Keithley 6487 picoammeter/voltage source.

3. Results and discussion

Fig. 3 shows the X-ray diffraction pattern of the ZnO film
deposited by the sol-gel method and Fig. 4 shows the SEM
micrograph of the same film. The XRD pattern indicates the
growth of the film along the five planes of orientation (00 2),
(100),(101),(102) and (1 10). The most preferential growth
occurred obviously along the c-axis (00 2) plane. The surface
morphology studies reveal randomly oriented grains having
hexagonal structure with an average size of 45-75nm with a
substantial amount of pores having an average diameter of 56 nm
which is very useful for methane gas sensing. It was observed
that for the film in the thickness range 300-600 nm, the quality
of the film was deteriorated substantially at higher temperature
(350 °C), thereby destroying the sensor structure even with short
time operation. But the film of 900 nm thickness was quite stable
and so all the measurements were done with 900 nm thick ZnO
films.
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Fig. 2. Schematic of the gas sensor measurement setup.
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Fig. 3. The XRD pattern of the nanocrystalline ZnO surface annealed at 600 °C
for 30 min.

Systematic gas sensing studies were made on ZnO thin films
using both Au and Pd-Ag contacts. Initially the response to
1% CH4 was recorded at different operating temperatures. The
response S is expressed in terms of sensor resistance in air (R;)
and in test gas (Ry) as follows [22]:

Ry — Rg
R,

The response time is defined as the time to reach 67% of the
saturation response.

The response as a function of operating temperature to 1%
CHy4 for both types [Au and Pd-Ag (26%)] of contacts to ZnO are
shownin Fig. 5. It clearly shows that the temperature for the max-
imum response was brought down from 350 °C with an Au con-
tact to 250 °C by using the Pd-Ag contact. Moreover, the max-
imum response increased from 56.1% (Au) to 74.3% (Pd-Ag).
Another important observation was that though the maximum
response (with Pd-Ag contact) is obtained at 250 °C, the sensor
shows a quite moderate response (44%) and response time (65 s)
even at 150 °C. With an increase in temperature above 250 °C,
the response decreased. This behavior can be explained from the

S =

Fig. 4. SEM images of the nanocrystalline ZnO surface annealed at 600 °C for
30 min.
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Fig. 5. Response to 1% methane as a function of temperature.

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

Fig. 6 shows the variation of response as a function of
methane concentration for both types of contacts. It is apparent
from the figure that there is an increasing trend of response upon
exposure to higher methane concentrations eventually reaching
saturation. The same adsorption—desorption kinetics plays the
pivotal role with the sticking coefficient initially increasing with
increasing CHy concentration, followed by a decreasing trend at
very high methane concentrations. It was observed that the Pd-
Ag contact is more efficient for sensing lower concentrations of
methane.

The transient response behavior of the sensor structures in
0.1, 0.5 and 1% methane for an Au contact at 350 °C and for Pd-
Ag at 250 °C are shown in Fig. 7(a and b), respectively. Upon
exposure to methane the sensor resistance initially decreased
due to the release of free electrons and then got saturated, while
on cutting off the methane supply the resistance increased and
returned nearly to its baseline value. Fig. 7 shows that they do
not reach exactly the baseline value possibly because of some
gas molecules remaining adsorbed on the sensor surface. The
calculated values of response, response time and recovery time
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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 concentration for (a) Au contact (350 °C) and (b) Pd-Ag (26%) contact (250 °C).

for different gas concentrations are plotted in Fig. 8, which
shows that the values improve significantly with the Pd—Ag alloy
contact.

As expected, our results show that the response, response
time and recovery time are the functions of methane concen-
trations. An increase in methane concentration provides more
methane molecules to be adsorbed on the oxide surface per unit
time, thereby favoring the fast electron transport kinetics, as a
result of which the response increases and the response time
decreases. On the other hand, the recovery time is longer due to
slow desorption kinetics of the methane gas from the interface
at higher concentrations.

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

Table 1

was also quite high (350 °C). The response, response time and
operating temperature (250 °C) of the sensor structure have been
significantly improved by incorporating Pd-Ag as a contact to
ZnO, due to the fact that Pd is a good catalytic metal for oxida-
tion of Hy, CH4 and other hydrocarbons. Ag was alloyed with
Pd to prevent the formation of palladium hydride, which affects
the Pd/ZnO interface property and thus the stability of the sen-
sor. Nevertheless, Ag was also added to the catalytic effect to
Pd, will be discussed later.

Table 1 shows the response, response time and recovery
time of the sensor with a Pd-Ag (26%) contact at different
methane concentrations and at different operating temperatures.
To 1% methane the maximum response of 74.3% was obtained at
250 °C, whereas the minimum response and recovery time were
found to be 16.3 s (1% CH4) and 28 s (0.1% CHy), respectively.

Response, response time and recovery time at different gas concentrations and at different operating temperatures of ZnO with a Pd-Ag (26%) contact

Temperature (°C) Response time (s)

Recovery time (s)

Response (%)

0.1% 0.5% 1% 0.1% 0.5% 1% 0.1% 0.5% 1%
150 106 98 65 122 129 146 24 30 44
200 54 47 27 76 88 92 28 33 46
250 22 20.1 16.3 28 321 36.1 4.1 63.3 74.3
300 38 35 28 44 47 56 34 42 51
350 46 43 37 53 58 64 31 39.5 48

The bold values correspond to the optimum operating temperature of our sensor. At this temperature (250 °C) the sensitivity is maximum and response/recovery time

is minimum.
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So far the reported sensor structures based on different types
of semiconducting oxides and mostly working in the resistive
mode are operated either at high temperature with appreciably
long response time or at low temperature without any informa-
tion on response time. For example, Fleischer and Meixner [5]
reported on a GayOs3-based methane sensor, which was oper-
ated at 420 °C with a response time of the order of minutes.
Wollenstein et al. [6] have reported Co3zO4-based sensors oper-
ating at 240 °C with a response time of 6 min. Nunes et al. [19]
reported a ZnO-based methane sensor at a relatively lower oper-
ating temperature of 100 °C, but without any information on the
dynamic response characteristics. Our results showed that the
optimum operating temperature of sensing is moderately low
(250°C) and the response time is also appreciably fast (~165).

A possible mechanism for methane sensing in the present
study is depicted as follows. It is known that addition of a small
amount of noble metal, e.g. Pd or Pt, to the metal oxide can
promote not only the gas sensitivity but also the rate of response
to a great extent due to the catalytic activities of these metals
for oxidation of inflammable gases like methane. According to
Yamazoe [24], Pd and Ag act as an electronic sensitizer as they
affect the work function of SnO, during gas sensing. Follow-
ing the same arguments, we can envisage that the work function
of ZnO shifts (increases) in the presence of Pd and Ag in air,
thereby widening the depletion region on the ZnO-Pd (Ag) inter-
face, as indicated in Fig. 9. However, this shift vanishes when
the samples are exposed to methane or similar reducing atmo-
sphere. Fig. 10 clearly depicts that there is a change in the ZnO
Fermi level in the presence of hydrogen, thereby reducing the
band bending facilitating the electron transport. As reported by
Kohl [25], methane dissociates to a methyl group and hydrogen,
followed by combining the adsorbed hydrogen atoms producing
hydrogen molecule, as shown below:

CH4gas <> CH3ads + Hags

Hags + Hags <> Ho

The hydrogen molecule then reacts with the adsorbed oxygen
on the Pd (Ag) surface (shown in Fig. 9) and produces H;O.
The adsorbed organic radicals undergo a chain of reactions and
finally produce CO; as another product.

Silver was primarily alloyed with Pd to prevent the formation
of palladium hydride in the presence of hydrogen coming from
methane [26]. Palladium hydride has poor lattice matching with
ZnO and as a result Pd may be chipped off from ZnO, thereby

Depletion Layer

Fig. 9. Sensitization mechanism of Pd-Ag/ZnO sensor.
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Fig. 10. Schematic band diagrams of Pd-Ag/ZnO in (a) oxidized state and (b)
reduced state.

damaging the Pd—ZnO interface. As reported in the literature,
since silver has a similar sensitizing property to Pd [24], it may
be expected that the Ag added may further sensitize the surface
catalytic reaction apart from improving the interface property
significantly.

4. Conclusion

Methane and other hydrocarbon sensors, so far reported in the
literature, are mainly based on SnO». In this report, nanocrys-
talline zinc oxide thin films produced by well-known sol-gel
method were found to produce an efficient resistive gas sensor
for methane sensing. A Pd-Ag catalytic contact to zinc oxide
showed a quite high response (~74%) at 250 °C and a response
time of ~165s, which is much shorter than the reported results
showing in the order of minutes.

Acknowledgements

One of the authors (P. Bhattacharyya) gratefully acknowl-
edges the CSIR, India, for a Senior Research Fellowship (SRF).
The work has been carried out under the research project spon-
sored by DST, Govt. of India.

References

[1] Q. Schiermeier, Methane finding baffles scientists, Nature 439 (2006) 128
(News).

[2] S.Bose, S. Chakraborty, B.K. Ghosh, D. Das, A. Sen, H.S. Maiti, Methane
sensitivity of Fe-doped SnO; thick films, Sens. Actuators B 105 (2005)
346-350.

[3] F. Quaranta, R. Rella, P. Siciliano, S. Capone, M. Epifani, L. Vasanelli, A.
Licciulli, A. Zocco, A novel gas sensor based on SnO,/Os thin film for
the detection of methane at low temperature, Sens. Actuators B 58 (1999)
350-355.

[4] J.C. Kim, H.K. Jun, J.S. Huh, D.D. Lee, Tin oxide-based methane gas
sensor promoted by alumina-supported Pd catalyst, Sens. Actuators B 45
(1997) 271-277.

[5] M. Fleischer, H. Meixner, A selective CHy sensor using semiconducting
Gay O3 thin films based on temperature switching of multigas reactions,
Sens. Actuators B 24/25 (1995) 544-547.



P. Bhattacharyya et al. / Sensors and Actuators B 124 (2007) 62-67 67

[6] J. Wollenstein, M. Burgmair, G. Plescher, T. Sulima, J. Hildenbrand, H.
Bottner, 1. Eisele, Cobalt oxide based gas sensors on silicon substrate for
operation at low temperatures, Sens. Actuators B 93 (2003) 442-448.

[7] J. Puigcorbe, D. Vogel, B. Michel, A. Villa, I. Gracia, C. Cane, J.R.
Morante, Thermal and mechanical analysis of micromachined gas sensors,
J. Micromech. Microeng. 13 (2003) 548-556.

[8] J.B. Lee, H.J. Lee, S.H. Seo, J.S. Park, Characterization of undoped and
Cu-doped ZnO films for surface acoustic wave applications, Thin Solid
Films 398/399 (2001) 641-646.

[9] R.I. Lavrov, A.L. Ivon, .M. Chernenko, J. Eur. Ceram. Soc. 24 (2004)
2591-2595.

[10] T. Minami, S. Suzuki, T. Miyata, Transparent conducting impurity-co-
doped ZnO:Al thin films prepared by magnetron sputtering, Thin Solid
Films 398/399 (2001) 53-58.

[11] H. Ohta, H. Hosono, Transparent oxide optoelectronics, Mater. Today 7
(2004) 42-51.

[12] S. Basu, S.K. Hazra, ZnO p-n homojunctions for hydrogen gas sensors at
elevated temperature, Asian J. Phys. 14 (2005) 65-69.

[13] P. Mitra, H.S. Maiti, A wet-chemical process to form palladium oxide
sensitiser layer on thin film zinc oxide based LPG sensor, Sens. Actuators
B 97 (2004) 49-58.

[14] K.L. Chopra, S. Major, D.K. Pandya, Transparent conductors—a status
review, Thin Solid Films 102 (1983) 1-46.

[15] EC.M. Vande Pol, ER. Blom, T.J.A. Popma, R.f. planar magnetron sput-
tered ZnO films I: structural properties, Thin Solid Films 204 (1991)
349-364.

[16] M. Krunks, E. Mellikov, Zinc oxide thin films by the spray pyrolysis
method, Thin Solid Films 270 (1995) 33-36.

[17] T.V. Butkhuzi, T.G. Chelidze, A.N. Georgobiani, D.L. Jashiashvili, T.G.
Khulordava, B.E. Tsekvava, Exciton photoluminescence of hexagonal
ZnO, Phys. Rev. B 58 (1998) 10692-10695.

[18] S. Bandyopadhyay, G.K. Paul, S.K. Sen, Study of optical properties of
some sol—gel derived films of ZnO, Sol. Energy Mater. Sol. Cells 71 (2002)
103-113.

[19] P. Nunes, E. Fortunato, A. Lopes, R. Martins, Influence of the deposition
conditions on the gas sensitivity of zinc oxide thin films deposited by spray
pyrolysis, Int. J. Inorg. Mater. 3 (2001) 1129-1131.

[20] D. Gruber, F. Kraus, J. Muller, A novel gas sensor design based on
CH4/H2/H;0 plasma etched ZnO thin films, Sens. Actuators B 92 (2003)
81-89.

[21] R. Maity, S. Kundu, K.K. Chattapadhyay, Electrical characterization and
Poole-Frenkel effect in sol-gel derived ZnO:Al thin films, Sol. Energy
Mater. Sol. Cells 86 (2005) 217-227.

[22] L. De Angelis, R. Riva, Selectivity and stability of a tin oxide sensor for
methane, Sens. Actuators B 28 (1995) 25-29.

[23] N. Yamazoe, J. Fuchigama, M. Kishikawa, T. Seiyama, Interactions of
tin oxide surface with Oy, H,O and Hj, Surf. Sci. 86 (1979) 335-
344.

[24] N. Yamazoe, New approaches for improving semiconductor gas sensor,
Sens. Actuators B 5 (1991) 7-19.

[25] D. Kohl, Function and application of gas sensors, J. Phys. D: Appl. Phys.
34 (2001) R125-R149.

[26] P. Tobika, O. Hugon, A. Trouillet, H. Gagnaire, An integrated optic hydro-
gen sensor based on SPR on palladium, Sens. Actuators B 74 (2001)
168-172.

Biographies

P. Bhattacharyya received his ME degree in electron devices from Jadavpur
University, in 2004. Presently, he is pursuing his PhD in IC Design and Fabri-
cation Centre, Department of Electronics and Telecommunication Engineering,
Jadavpur University, Kolkata, India. His current research interests are devel-
opment of ZnO-based gas sensors, MEMS-based gas sensor and its CMOS
integration.

P.K. Basu received his MSc degree in electronic Science in 2003 from Calcutta
University, India. Presently, he is an MTech student of Nanoscience and Tech-
nology, Jadavpur University. His present research interest is development of gas
sensor materials.

H. Saha received his MTech degree in radio physics and electronics in 1967 and
PhD on solar cells and systems in 1977. He is a professor in the Department of
Electronics and Telecommunication Engineering, Jadavpur University, Kolkata,
India, and a coordinator of the IC Design and Fabrication Centre, Jadavpur
University. His present research interest cover silicon solar cells, porous silicon-
based devices, smart sensors and VLSI design.

S. Basu obtained his PhD in solid state chemistry from IIT, Kharagpur, India,
in 1973. After completing his post-doctoral research in Max Plank Institute for
Radiation Chemistry, Germany, he joined as a faculty member in the Material
Science Center of IIT, Kharagpur, India, in 1979 and became a professor in 1995.
His present research interests include electronic materials, solid state chemical
sensors and spintronic materials. On superannuation from IIT, he is at present
the research advisor in the IC Design and fabrication Centre, Department of
Electronics and Telecommunication Engineering, Jadavpur University, Kolkata,
India.



	Fast response methane sensor using nanocrystalline zinc oxide thin films derived by sol-gel method
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


