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The functional characteristics of the planar resistive and MIM (metal-insulator-metal) sensors using elec-
trochemically grown nanocrystalline–nanoporous ZnO thin films and surface modified by dipping in an
aqueous solution of PdCl2 were investigated for methane sensing. It was found that the operating temper-
ature was substantially reduced to 70 ◦C and 100 ◦C for the two different configurations, respectively, after
this interesting and somewhat novel surface modification step. A high purity Zn was anodized to produce
ZnO thin films using a Pt cathode, a calomel reference electrode and a 0.3 M oxalic acid electrolyte. Pd–Ag
anocrystalline ZnO thin films
lectrochemical anodization
urface modification
esistive and MIM sensors
d–Ag catalytic metal contact
ow operating temperature

(26%) was used as the catalytic metal contact to ZnO to fabricate a resistive and an MIM configuration. The
response of the order of ∼48, a response time of ∼4.5 s and a recovery time of ∼22.7 s were obtained for the
planar resistive structures, while the MIM structures showed a response of the order of ∼32, a response
time ∼2.7 s and a recovery time of ∼16 s. The sensors were studied in the presence of 1% methane in nitro-
gen and in synthetic air in separate experiments. The performance was somewhat reduced in synthetic
air for both the sensor structures while maintaining the optimum operating temperature the same. Both
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the sensors were stable in

. Introduction

Metal oxide nanostructures can work as sensitive and selective
hemical sensors. Nanostructural sensor elements can be config-
red as resistors whose conductance can be modulated by charge
ransfer across the surface or as a barrier junction device whose
roperties can be controlled by applying potential across the junc-
ion. Functionalizing the surface further offers a possibility to
mprove their sensing ability.

Continuous research and development activities are being pur-
ued to explore a gas sensor for detection of low concentrations
f methane in the coalmine atmosphere at substantially low tem-
erature so that the methane explosion is not further accelerated
y the high sensing temperature [1,2]. We have been investigat-
ng for the last couple of years on the development of a low
emperature methane detector using nanocrystalline ZnO based
hemical gas sensors with Pd as the catalytic metal contact on the

etal oxide surface. In our previous publications [3–7] we reported

he sensing temperature between 210 ◦C and 250 ◦C depending
pon whether the ZnO sensing film was grown electrochemically
r by a sol–gel method, respectively. But these relatively high
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ethane in nitrogen as well as in 1% methane in synthetic air.
© 2008 Elsevier B.V. All rights reserved.

emperatures for detection of methane are still not suitable for
pplications in the coalmines. We report in this communication
novel method of reducing methane sensing temperature con-

iderably by the Pd surface modification of the electrochemically
eposited nanocrystalline–nanoporous ZnO films using a very low
oncentration of PdCl2 solution. We adopted a planar resistive con-
guration and a kind of metal-insulator-metal (MIM) structure.
hile the resistive sensor showed the temperature of methane

etection at 70 ◦C the MIM sensor structure recorded the maxi-
um response at 100 ◦C with a minimum response time of ∼2.7 s.
ur investigation further demonstrated that the response in syn-

hetic air is also substantially high at the same temperatures for
oth the structures with a little increase in response time. The sta-
ility study for more than 1 month in the presence of 1% methane

n nitrogen showed a long term operation of both the sensor struc-
ures for more than 30 days without any visible deterioration of the
esponse behaviour.

. Experimental
The nanocrystalline–nanoporous ZnO thin films were prepared
y electrochemical anodization of high purity Zn (8 mm × 8 mm)
99.9% purity, Aldrich Chemicals, USA) of thickness 0.5 mm using

Pt cathode, a calomel reference electrode, a 0.3 M oxalic acid
lectrolyte (99%, MERCK, India) and a constant 10 V potentio-

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:sukumar_basu@yahoo.co.uk
dx.doi.org/10.1016/j.snb.2008.07.021
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Fig. 1. XRD of an electrochemically grown ZnO thin film.
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Fig. 2. (a and b) FESEM images and (c and d) EDX spectra of un
ators B 135 (2008) 81–88

tatic (Scanning Potentiostat-362, Princeton Applied Research,
SA) power supply. The separation between two electrodes (cath-
de and anode) was 18 mm. The calomel reference electrode was
laced very near to the anode. The detail preparation and char-
cterizations of the electrochemically grown ZnO thin films were
nvestigated in our earlier publication [8]. The thickness of the ZnO
hin films was 8.2 �m as was measured by a surface profilometer
DEKTAK Surface profilers, Sloan Technology, Veeco, Version-1.05).
he grown ZnO thin films were dipped into a 0.01 M PdCl2 solu-
ion for 2 s, followed by baking and annealing at 110 ◦C for 10 min
nd 300 ◦C for 30 min, respectively. X-ray diffraction (XRD) (Bruker
H Advance) (Fig. 1), field emission scanning electron microscopy

FESEM) and energy dispersive X-ray (JEOL, JSM-6700F) (Fig. 2)
ere employed to study the polycrystalline nature, crystal size,

urface morphology and pore size of the deposited ZnO thin
lms. FESEM pictures also demonstrate the nanocrystalline and
anoporous characters of the ZnO surface, both unmodified and

odified with dispersed Pd nanoparticles. The schematics of the

lanar and MIM structures are shown in Fig. 3. The Pd–Ag (26%)
atalytic metal contact of thickness 0.2 �m was deposited on the
d modified ZnO thin films by e-beam evaporation using an Al
etal mask and the electrical contacts were taken by using fine

modified and Pd-modified ZnO thin films, respectively.
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Fig. 3. The schematics of (a) the pl

opper wire and silver paste. The gas sensor characteristics in the
bsence and presence of different concentrations of methane were
tudied inside a closed corning glass tube with inlet and outlet
rovisions for gases, and the tube was placed coaxially inside a
esistively heated furnace with a 4 cm constant temperature zone.
he temperature was controlled within ±1 ◦C by a precise temper-
ture controller with a built-in copper constantan thermocouple.
or sensor study high purity methane, high purity nitrogen and
ynthetic air were used. To measure and control the flow rates of
he gases precisely throughout the experiments, mass flow meters
nd mass flow controllers (Digiflow, USA) were used. A Keithley
icoammeter with a voltage source (Model 6487) was used to study
he current–voltage characteristics of the sensor structures in the
bsence and presence of methane.

. Results and discussions
From Fig. 1 it is observed that the grown ZnO thin film is poly-
rystalline in nature with preferential growth along (1 0 1) and
1 1 0) directions. The average crystal size, calculated from the
cherer formula, was 2.4 nm. From FESEM the surface morphology

w
a

a

Fig. 4. (a) Response vs. temperature curves at 3 V and (b) respo
nd (b) the MIM sensor structures.

nd the pore size were studied for both unmodified and modified
nO surfaces, and it was observed that the pore size varied from
9 nm to 35 nm for the unmodified ZnO surface and 10 nm to 20 nm
or the modified one after treatment with the PdCl2 solution (Fig. 2a
nd b). It can be observed that there was little difference between
ESEM pictures of unmodified and Pd-modified ZnO films, but EDX
Fig. 2c and d) figures indicate clearly the presence of Pd in the

odified film.
The sensors were characterized with different concentrations

f methane gas in pure nitrogen and also in synthetic air in the
emperature range 50–150 ◦C. The current–voltage characteristics
f both types of sensor structures were studied at different temper-
tures and the magnitude of response (S) was calculated using the
elation,

=
{

Ig − Ia
Ia

}
V

(1)
here Ig = the current in the presence of gas and Ia = the current in
ir.

The change of response with temperature and with the bias volt-
ge are shown in Fig. 4a and b, respectively, and it can be observed

nse vs. voltage curves for both types of sensor structures.
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Fig. 5. Response vs. temperature curves of (a) the resistive planar and (b) the MIM sensor structures at 3 V in the presence of 1% methane in pure nitrogen and in synthetic
air.

nd (b
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Fig. 6. Response vs. temperature plots of (a) the resistive planar a

rom Fig. 4a that the maximum response is obtained at 70 ◦C and
00 ◦C for the planar and the MIM sensor structures, respectively. It

s observed from Fig. 4b that for both types of structures the maxi-

um response occurs at 3 V bias. Fig. 5a and b shows the response
s. temperature curves for both planar and MIM structures, respec-
ively, with 1% methane in pure nitrogen and in synthetic air, and
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Fig. 7. Transient response curves of the resistive planar structure in 1%
) the MIM sensors in 1% H2 and 1% CH4 in pure N2 environment.

t is found that the response is higher in pure nitrogen than in
ynthetic air for both types of sensor structures. Fig. 6 shows the

esponse vs. temperature curves of both types of sensors at differ-
nt operating temperatures using 1% hydrogen and 1% methane in
ure N2 environment. Hydrogen shows the maximum response at
0 ◦C for both planar and MIM sensors. The selectivity of methane

methane using (a) nitrogen and (b) synthetic air as a carrier gas.



P.K. Basu et al. / Sensors and Actuators B 135 (2008) 81–88 85

Fig. 8. Transient response curves of the MIM structure in 1% methane using (a) nitrogen and (b) synthetic air as a carrier gases.

Fig. 9. Concentrations vs. response curves of both the resistive planar and the MIM structures using (a) nitrogen and (b) synthetic air as a carrier gas.

Fig. 10. Methane concentrations vs. time curves of both the resistive planar and the MIM structures using (a) nitrogen and (b) synthetic air as a carrier gases.
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Table 1
The results of the planar and MIM sensor structures in different concentrations of
methane using nitrogen as a carrier gas at 70 ◦C and 100 ◦C, respectively

% of methane Response Response time (s) Recovery time (s)

Planar MIM Planar MIM Planar MIM

0.01 21.2 18.2 16.2 10.2 33.2 18.7
0.05 25.4 22.3 13.3 6.7 30.3 17.2
0
0
1
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.1 39.3 23.2 11.1 6.03 27.5 16.8

.5 42.2 25.2 8.4 4.02 25.7 16.1
47.5 32.2 4.6 2.69 22.7 16.0

n the presence of hydrogen is improved at the optimum operat-
ng temperatures of 70 ◦C and 100 ◦C for planar and MIM sensors,
espectively. However, the MIM sensor shows much better selectiv-
ty for methane. Fig. 7a and b represent the transient responses to
ifferent concentrations of methane at 70 ◦C of the resistive planar
tructure using nitrogen and synthetic air as a carrier gas, respec-
ively. Similarly the response behaviour of the MIM structure for

ethane at 100 ◦C is shown in Fig. 8 for both types of carrier gases.
he response as a function of methane concentration for both the
lanar structure operating at 70 ◦C and the MIM structures oper-
ting at 100 ◦C with two different carrier gases of nitrogen and
ynthetic air are displayed in Fig. 9. The response and recovery times
ith increasing methane concentrations for both the sensor struc-

ures as derived from the transient response curves (Figs. 7 and 8)
re shown in Fig. 10.

Experiments on repeated cycles of the transient responses for
oth planar and MIM sensor structures are presented in Fig. 11 in
rder to show the reproducible behaviour of the sensors. Fig. 12
resents the stability of both types of sensor structures. While for
% methane with a nitrogen carrier gas the study was continued
or 132 h with a duration of 4 h per day in 33 days, the same experi-

ent with synthetic air as a carrier gas was conducted for 8 h with
duration of 2 h per day in 4 days. The planar and MIM sensors
ere operated at 70 ◦C and 100 ◦C, respectively, and at 3 V. Finally

ables 1 and 2 summarize the results for sensing 1% methane in
itrogen and in synthetic air, respectively.

The Pd loaded nanocrystalline (below 10 nm) ZnO enhances
he oxygen spillover process [9,10], resulting in a large amount
f chemisorbed oxygen which yields a high electrostatic poten-
ial across the Pd–Ag/ZnO Schottky interface [6,7]. Subsequently

ethane reacts with this adsorbed oxygen and produces H2O and
O2, as shown in Eq. (2) below

H4 + 2O2
− ↔ CO2 + 2H2O + 4e− (2)

he electrons on the surface of ZnO enhance the current through
he electrodes. The detailed mechanism of the gas sensing of
d–Ag/ZnO Schottky contacts using electrochemically grown ZnO

hin films was reported in our earlier publications [6,7]. Since the

IM sensor has only one Schottky contact (Pd–Ag/ZnO), the current
hrough the electrodes is controlled by the Pd–Ag/ZnO junction. On
he other hand, the planar structure which has two-Schottky con-
acts with double barrier junctions and a large exposed surface area

able 2
he results of the planar and MIM sensor structures in different concentrations of
ethane using synthetic air as a carrier gas at 70 ◦C and 100 ◦C, respectively

of methane Response Response time (s) Recovery time (s)

Planar MIM Planar MIM Planar MIM

.01 9.2 6.5 19.2 13.2 34.2 20.3

.05 14.6 11.4 17.4 9.3 32.8 19.2

.1 18.3 16.8 16.4 8.2 29.6 17.3

.5 21.6 17.2 15.2 6.9 27.4 17.1
25.7 20.4 12.6 4.2 23.4 16.2
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here oxygen atoms are directly chemisorbed, gives a lower cur-
ent than the MIM sensor in air. Therefore the change of current in
he presence of methane is relatively higher (Fig. 4) for the planar
tructure than the MIM one. It is further observed from Fig. 4 that
he temperature for maximum response was reduced to 70 ◦C for
he planar and 100 ◦C for the MIM structure. The possible reason for
he response at substantially low temperature may be mentioned
s due to the increased surface free energy of the nanocrystalline
nO surface [11]. It is known that with an increase in gas adsorp-
ion, the catalytic metal electrode (Pd) work function decreases, and
he current through the Pd–ZnO Schottky junction increases, and
hus the gas response increases [6,7]. Once the desorption starts
t higher temperature, the change in work function decreases and
he current in the presence of gas Ig also decreases, and so also the
esponse. Since the thickness of the ZnO film (8 �m) is quite large,
he electrons have to migrate through the large insulating layer in
rder to conduct via the bottom metal substrate. In the planar con-
guration electrons would prefer to conduct from one electrode to
ther through the Pd modified ZnO surface, where Pd can assist
elatively faster conductivity through possible hopping conduction
echanism from one island to other of discontinuously dispersed

d. For nanocrystalline structure the adsorption activation energy
s considerably low and the presence of dispersed Pd nanoparticles
ver the ZnO surface further reduces the adsorption energy. As a
esult the sensors respond at considerably low temperature. The
avourable adsorption kinetics due to reduced adsorption activa-
ion energy also exhibits a remarkably short time of response. The
onger recovery time is presumably due to the lower desorption
ate at low temperature. It is worth mentioning here that imper-
ect structural orientation of the polycrystalline sensing layer (ZnO)
lso modulates the gas adsorption behaviour and thus the sensing
arameters.

In the case of synthetic air as a carrier gas, oxygen is parallely
hemisorbed on the Pd catalysed ZnO surface and there is a compet-
tive equilibrium between oxygen and methane as the adsorbates
n ZnO. As a result it may well be depicted that the adsorption
ites for methane is reduced and chemisorbed oxygen reacts with
ydrogen instead of getting diffused into the catalytic metal to
roduce H2O molecules and thus reduce the current through the
lectrodes. Therefore a lower response to methane is obtained in
ynthetic air. The transient responses of the planar and MIM sen-
ors recorded in the presence of different methane concentrations
0.01%, 0.05%, 0.1%, 0.5% and 1%) at 70 ◦C and 100 ◦C and at 3 V
ias are shown in Figs. 7 and 8, respectively. From the figures it

s observed that initially the current increases in the presence of
ethane and then gets saturated. After withdrawing the methane

ow the current decreases and returns almost to the baseline value.
rom the adsorption–desorption kinetics it can be explained that
esorption always takes place at higher temperature than adsorp-
ion. So, some of hydrogen atoms obtained from methane molecules
hrough dissociative chemisorption gets permanently adsorbed on
anoporous ZnO, and as a result the current through the elec-
rodes cannot come back exactly to its original base line value. The
esponse, response time and recovery time were calculated and
re shown in Figs. 9 and 10, and the results are also summarized
n Tables 1 and 2. The response time is defined here as the time
or the current to reach 67% of the saturation value. After the gas
ulse is cut off the time required for reducing the current to 67% of
he saturation value is defined as the recovery time. From Fig. 9a
t can be observed that the response increases up to 1000 ppm

f methane and then it slowly gets saturated most probably due
o the fact that the active surface area is already occupied and so
further increase of methane concentration does not change the

esponse of the sensors. This is further supported by Christmann et
l. [12] who clearly indicated that with increasing coverage (�) the
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Fig. 11. Repeated cycles of the transient response for (a) the p

ticking coefficient went down initially sharply and finally tended
owards saturation. From Fig. 9b and Tables 1 and 2 it is clear that
he response and recovery times of the MIM sensor are relatively
horter than the planar sensor. The possible interpretation is that
he separation between two electrodes for the planar configuration
s larger (2 mm) than the MIM (8 �m) configuration, resulting in the
apid current flow kinetics.

There are very few reports on metal oxide based methane
as sensors with high response and shorter response and recov-
ry times. So far the reported sensor structures based on oxide
emiconductors operating in the resistive mode and at high tem-
erature showed relatively longer response (>10 s) and recovery
imes (>40 s). In this investigation, particularly the MIM sensor
howed good response (∼32), shorter response (∼2.69 s) and recov-
ry times (∼16 s) as compared to the values reported by others
1–7,13–18]. So, the Pd–Ag/ZnO/Zn MIM sensor with a ZnO film
eposited electrochemically and surface modified with Pd is suit-
ble for sensing low concentrations of methane at relatively lower

perating temperature (100 ◦C) with appreciably shorter response
nd recovery times. It is also apparent from Tables 1 and 2 that the
esponse time is shorter than the recovery time. When methane
upply is cut off and air is allowed to flow into the sensing cham-

f
r
s
fl

Fig. 12. Stability study of both types of sensor structures (a
and (b) the MIM sensor structures for reproducibility study.

er, oxygen is adsorbed on crystalline ZnO by spillover technique as
entioned above and the out diffusion of adsorbed hydrogen from

he junction takes place simultaneously. The chemisorbed oxygen
eacts with hydrogen and produces H2O. As a result electrons of
he chemisorbed oxygen come back to the surface of ZnO and the
urrent through the electrodes increases instead of decreasing. This
rocess continues until all the atomic hydrogen desorbs from the

unction and therefore the recovery time is longer than the response
ime. This was corroborated by Christmann et al. [12].

Both the sensors show temperature dependent selectivity for
ethane and hydrogen in the presence of each gas. For the pla-

ar resistive sensor the hydrogen response is maximum at 50 ◦C
ith a very low response for methane. At 70 ◦C both hydrogen and
ethane respond almost to the same extent. On the other hand, the
IM sensor shows distinct selectivity for methane at 100 ◦C where

ydrogen response is almost zero.
The sensors showed reproducible results for the repeated cycles

n 1% methane, as shown in Fig. 11. We tested the long-term stability

or 33 days for the planar and MIM sensors at 70 ◦C and 100 ◦C,
espectively, with a 3 V bias and 1% methane, and the results are
hown in Fig. 12. It is evident from the figure that after a little initial
uctuation, the sensors show more or less stable performance with

) using nitrogen and (b) synthetic air as a carrier gas.
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negligible variation of current. We also tested the stability of both
he sensor structures with synthetic air as a carrier gas for 8 h, as
hown in Fig. 12b and we found a good stability.

. Conclusion

Our investigations on methane sensing using nanocrysta-
line–nanoporous ZnO thin films, deposited by an electrochemical

ethod and surface modified by Pd nanoparticles using chemical
ipping procedure, reduced the temperature and response time
f methane detection to an appreciably low value for both a pla-
ar resistive and an MIM sensor. For nanocrystalline structure the
dsorption activation energy was considerably low and the pres-
nce of dispersed Pd nanoparticles acting as a catalyst over the
nO surface further reduced the adsorption energy. As a result
he sensors responded at considerably low temperature. However,
he MIM structure operating at 100 ◦C showed the minimum time
f response and a good selectivity for methane in the presence
f hydrogen. The stability of both types of sensors, in the pres-
nce of 1% methane in nitrogen as a carrier gas, was studied for
ore than 30 days and it was found to be excellent. The sta-

ility in 1% methane in synthetic air as tested for 8 h was also
ood.
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