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Nanocrystalline-nanoporous ZnO thin films were prepared by an electrochemical anodization method, and the films were tested
as methane sensors. It was found that Pd-Ag catalytic contacts showed better sensing performance compared to other noble metal
contacts like Pt and Rh. The methane sensing temperature could be reduced to as low as 100°C by sensitizing nanocrystalline ZnO
thin films with Pd, deposited by chemical method. The sensing mechanism has been discussed briefly.
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1. Introduction

It is well known that gas sensing performance of sensors
can be improved by incorporating noble catalyst metal into
the nanocrystalline metal oxide-based matrix. A number of
reports [1-3] have been published on nanocrystalline ZnO
thin films to improve the methane sensing performance. The
development of a low-temperature methane detector using
nanocrystalline ZnO-based chemical gas sensors with noble
metal catalytic contacts is an important proposition. The
challenge is to attain lower detection limit, short response
time, and long-term stability of the gas sensors. Nanocrys-
talline ZnO thin films demonstrate remarkable gas-sensing
properties when the crystallite size becomes comparable to
Debye length. Nanocrystalline and porous materials with
controlled composition are of increasing interest in methane
sensing because of their large surface to volume ratio that
enhances the adsorption kinetics and the reaction between
methane and adsorbed oxygen.

Recently it was [1-6] reported that methane-sensing
temperature varies between 100°C and 250°C depending
upon whether the ZnO thin film is grown electrochemically
or by sol-gel method and upon the nature of the catalytic
metals. But these relatively high temperatures for detection
of methane are still not suitable for applications in the
coalmines. In this work, nanocrystalline ZnO thin films were

prepared by electrochemical anodization of high-purity Zn
(99.99%). While using Pt catalytic metal electrode methane
sensing could be achieved at 240°C Pd-Ag (26%), and Rh
electrodes could bring down the temperature to 210°C. But
the temperature could be brought down to 100°C by incor-
porating Pd modification of the nanocrystalline ZnO thin
film and by using Pd-Ag catalytic metal Schottky contact.
In this communication, a comparative study between ZnO
Schottky devices with different catalytic metal contacts and
the effect of adding Pd to the nanoporous ZnO are presented.

2. Experimental

The noble metal/ZnO Schottky structure using nanocrys-
talline ZnO thin film, prepared by electrochemical anodiza-
tion of Zn, was studied for gas sensing. A properly cleaned
high-purity Zn foil of thickness 0.5 mm was taken as anode
and platinum foil as cathode with 18 mm separation between
the two electrodes and 0.3M oxalic acid as electrolyte.
A calomel electrode was taken as the reference. A 10V
potentiostatic power supply (Princeton Applied Research,
Scanning Potentiostat-362, USA) was used during anodiza-
tion. Sensitization of the grown ZnO films was performed
by dipping into 0.01 M weak acidic aqueous solution of
PdCl, for 2 seconds followed by baking at 110°C for 10
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F1GURE 1: Schemetic of the ZnO based Schottky sensor.

TaBLE 1: The crystal size, pore size, and thickness of the anodized
ZnO thin films.

Parameters Anodized ZnO
Crystal size (nm) 2.40

Pore size (nm) 19-35
Thickness (#m) 8.20

minutes and annealing at 300°C in air for 30 minutes. Pt,
Pd-Ag (26%) and Rh catalytic metals (2.5mm X 2.5mm)
of thickness 0.2uym were deposited on ZnO films by e-
beam evaporation using Al metal mask for Schottky contacts.
The Zn substrate beneath the ZnO film was used as ohmic
contact. Electrical connections were performed by using fine
copper wire and silver paste. The schematic of the Schottky
sensor structure is shown in Figure 1. In order to study the
gas sensing properties high-purity methane, nitrogen, and
synthetic air were used. For accurate control of the gas flow
rate throughout the experiments, mass flow controller and
mass flow meters (Digiflow, USA) were used. The current-
voltage characteristics of the sensors were studied by a
Keithley model 6487 Pico ammeters-voltage source.

3. Results and Discussions

The XRD and the FESEM (Field Effect Scanning Electron
Microscopy) picture of the anodized ZnO thin films are
shown in Figure2. The average crystal size, the pore
diameter, and the thickness are summarized in Table 1.

The V-I characteristics of the Schottky sensors were
recorded at all the temperatures of measurements, and the
magnitude of the response (S) was calculated from these
data. The response (S) is defined as the ratio of the change of
current in presence of methane in N, or air to the current in
N, or air at constant voltage, both in the forward bias mode
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FIGURE 2: (a) XRD and (b) FESEM of ZnO thin films obtained by
anodic oxidation of Zn in 0.3 M oxalic acid.

and expressed as

(L-1
- (), 2

where I, is the current in presence of gas and I, is the current
in N, or air.

Figure 3(a) shows response versus temperature curves
of the Schottky sensors with the unsensitized ZnO films
using 1% CH,4 in pure N,. For Pt contact the maximum
response was obtained at 240°C while for Pd-Ag and Rh
contacts the maximum response was obtained at 210°C.
For all three types of contacts the maximum response was
obtained at 0.4V bias, as shown in Figure 3(b). This may be
significant for low power consumption of the sensor devices.
Figure 4 shows the response versus temperature curves with
1% CHy in pure N and in synthetic air, respectively. It is
observed that the response of the sensors is higher in nitrogen
compared to that in synthetic air.

In case of the Schottky gas sensors, catalytic noble metals
were taken as electrode contacts. At an elevated temperature,
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FIGURE 3: (a) Response versus temperature curves and (b) response versus voltage curves of the Schottky sensors using different catalytic
contacts on ZnO thin films. It is observed that Rh gives maximum response. For Pt contact the maximum response was obtained at 240°C
while for Pd-Ag and Rh contacts the maximum response was obtained at 210°C. For all three types of contacts the maximum response was

obtained at 0.4 V bias.
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FIGURE 4: Response versus temperature curves of the (a) Pt/ZnO/Zn, (b) Pd-Ag (26%)/Zn0O/Zn, and (c) Rh/ZnO/Zn Schottky sensors in
presence of 1% methane in pure nitrogen and in synthetic air, respectively. The response of the sensors is higher in nitrogen than in synthetic

air.

oxygen molecules are weakly bonded to the catalytic metal
(Pt, Pd-Ag, and Rh) and are dissociated to oxygen atoms that
are weakly adsorbed on the metal surface. The metal-oxygen
complex subsequently dissociates

2M +0; — 2M: O [M = Pd, Pt,Rh],

(2)
2M:0 — 2M +20.

The oxygen atoms then undergo a spillover process and
finally form negatively charged surface ions by gaining

electrons from the surface of ZnO, thereby yielding a high
electrostatic potential in the junction [7-9]. The space charge
region, being depleted of electrons, is more resistive than
the bulk. The methane response mechanism with a noble
metal/metal oxide Schottky junction is not so well under-
stood and spectroscopic studies are needed in order to reveal
the reaction pathways that may be different for different
temperatures and even vary with the gas concentration. Here
we present three possible mechanisms of gas sensors. The
first is dissociative adsorption of CH4 to produce H and
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FiGure 5: Band diagram of the Schottky Junction explaining the
sensing mechanism. The barrier height reduces upon exposure to
the reducing gas. Yma, Ymc are the work function of M in air and
in gas, respectively. ®ps, Qg are the barrier height of the junction
in air and in gas, respectively. Ec, Ecg are the conduction band in
air and in gas, respectively. Ey, Eyg are the valence band in air and
in gas, respectively. Ep, Epg are the Fermi level in air and in gas,
respectively, M = Pt, Pd, or Rh.

CHx (X = 3) on the noble metal surface and reaction with
adsorbed atomic oxygen to produce water. Furthermore,
the H or CHx spills over to the metal oxide and reacts
with chemisorbed ionic oxygen to produce water and free
electrons that increase the current through the junction. If
the device is operated at a temperature of >100°C, which
is normally the case for methane sensing, the water formed
desorbs rapidly from the surface [10—12] (see reactions (3)):

CH4 — CHj(ads) + H(ads)>
CH; +H+40" — CO, +2H,0 + 4e™,

CH4 +40~ — CO; +2H,0 + 4e~ (Complete reaction).
(3)

A second possibility is that due to high solubility and rapid
diffusivity of hydrogen through catalytic metal, it reaches
the catalytic metal/metal oxide interfaces and produces an
interfacial dipole layer. The electrically polarized potential at
the interface also lowers the work function of the noble metal
and thus reduces the barrier height. Such sensing mechanism
is summarized in Figure 5, where the reduction of the
barrier height upon exposure to the reducing gas is shown.
The adsorbed hydrogen atoms may, as a third possibility,
passivate the interface states at the noble metal/metal oxide
interface, preventing them from pinning the Fermi level. The
passivated interface thus might cause a decrease in the barrier
height. Due to this lowering of barrier height, the current
through the junction increases [6, 13], yielding thereby a
high response.

Palladium (Pd), Silver (Ag), Platinum (Pt), and Rhodium
(Rh) are the most common metal catalysts that are used
to improve the gas-sensing properties. Here Pt, Pd-Ag, and
Rh catalysts were used for gas sensing applications. A Pd-
Ag (26%) alloy metal contact was used instead of pure Pd.
The reason is that the phase transition from « phase of pure
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FIGURE 6: Transient response curves of (a) Pt/ZnO/Zn, (b) Pd-Ag
(26%)/Zn0O/Zn, (c) Rh/ZnO/Zn Schottky sensors at 0.4 V bias.

palladium to f3 phase hydride occurs at low H, concentration
at 300K and it is an irreversible process [14]. This will
damage the sensor due to peeling-off of Pd. Moreover,
the response time of more than 10 minutes for pure Pd
contact sensors, as reported in the literature [15], is too
long to allow real-time monitoring of flowing gas streams.
To overcome these problems Pd was alloyed with 26% Ag
for CH, sensing. Pd-Ag thin film is attractive for use [14]
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TABLE 2: Response, response time, and recovery time of different noble metal contacts on ZnO thin film (calculated from Figure 6).
9% of CH, Response Response time (s) Recovery time (s)

Pt Pd-Ag Rh Pt Pd-Ag Rh Pt Pd-Ag Rh

0.01 0.18 0.99 1.22 52.2 22.3 130.2 58 48.3 148.3
0.05 0.29 1.38 1.82 40.2 19.7 52.2 42.3 46.2 120
0.1 0.62 2.21 2.48 27.9 16.4 42.8 30.1 38.1 89.2
0.5 0.68 3.11 3.87 20.3 12.1 38.2 26.2 20.2 80.2
1 0.71 3.81 4.39 18.8 8.8 30.2 22.8 16 78.4

TaBLE 3: Response, response time, and recovery time of Pd-Ag/ZnO Schottky sensor with different concentrations of CH, in nitrogen using
unmodified and Pd modified ZnO thin films at the corresponding optimum temperatures and voltages (calculated from Figures 6(b) and

9(a)).
9% of CH, Response Response time (s) Recovery time (s)
Zn0O Pd: ZnO ZnO Pd: ZnO ZnO Pd: ZnO

0.01 0.99 18.2 22.3 10.2 48.3 18.7
0.05 1.38 22.3 19.7 6.7 46.2 17.2
0.1 2.21 23.2 16.4 6.03 38.1 16.8
0.5 3.11 25.2 12.1 4.02 20.2 16.1

1 3.81 32.2 8.8 2.69 16 16.0

TABLE 4: Response, response time, and recovery time of Pd modified Pd-Ag/ZnO Schottky sensor with different concentrations of CHy in
nitrogen and in synthetic air as the carrier gas (calculated from Figure 9).

9% of CH, Response o Response time (s) o Recovery time (s) o
N . Synthetic air as . Synthetic air as . Synthetic air as
, as carrier gas . N, as carrier gas . N, as carrier gas .
carrier gas carrier gas carrier gas

0.01 18.2 6.8 10.2 13.8 18.7 20.0
0.05 22.3 11.0 6.7 9.9 17.2 19.7
0.1 23.2 17.0 6.03 8.7 16.8 17.7
0.5 25.2 17.8 4.02 7.2 16.1 17.0
1 32.2 24.8 2.69 4.6 16.0 15.9

because of the low rate of hydride formation, not much
hindrance against hydrogen diffusivity, greater solubility of
hydrogen, higher energy barrier due to OH formation and
superior mechanical properties as compared to pure Pd.
The alloy has quite high rate of hydrogen adsorption in the
temperature range 30°C-100°C that is important for fast
responding gas sensors.

It can be observed that Rh gives higher response than
Pd-Ag and Pt (Rh > Pd-Ag > Pt) because the catalytic
effect of dissociation of methane is higher than Pd and Pt
[16]. Also the OH formation rate influences the size of the
response as discussed below. In literature, it can also be
found that the catalytic activity of Pd and Pt for methane
dissociation is more or less the same [17]. But Figures 3
and 4 show a higher response of Pd-Ag alloy than Pt that
implies that the catalytic activity of Pd-Ag is higher than
that of pure Pd. In case of synthetic air that is shown in
Figure 4 it can be noticed that the response is somewhat
reduced. Since oxygen is already chemisorbed to a large
extent on the noble metal surface the adsorption sites for
methane is likely to be reduced. So dissociated hydrogen
reacts with chemisorbed oxygen to produce H,O molecules

instead of diffusing into the noble metal/ZnO junction,
thereby yielding a weaker response. Since oxygen adsorption
is most favorable on Pt it gives the most reduced performance
in presence of synthetic air as compared to the other two
metals, as shown in Figure 4. Similarly the OH formation
energy of Rh is higher than Pd-Ag and Pt [18-21]. Thus this
is another reason why the Rh catalytic metal contact gives
higher response than Pd-Ag and Pt. The transient response
of the sensors recorded in presence of different methane
concentrations (0.01%, 0.05%, 0.1%, 0.5%, and 1%) and at
0.4V bias is shown in Figure 6. From the transient response
cycles the response and recovery time were calculated and
are summarized in Table 2. The response time is defined
here as the time to reach 67% of the saturation value of the
current. After the gas pulse is cut off the time required to
reduce the current to 67% is defined as the recovery time. It
can be observed from Table 2 that the Pd-Ag contact shows
shorter response time than Pt and Rh contacts, which may
be due to the higher solubility and diffusivity of H in Pd-
Ag compared to Rh and Pt and therefore H takes shorter
time to reach the Pd-Ag/ZnO junction compared to that for
Pt/ZnO and Rh/ZnO junctions, but it may also be because
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FiGUure 7: FESEM of (a) unmodified and (b) modified ZnO thin films. It is observed that there is little or no difference in the surface

morphology after treatment with PdCl, solution [6].
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FIGURE 8: (a) Response versus temperature curves and (b) response versus voltage curves of the Pd modified Schottky sensor. It is observed
that the response of the sensor is higher in nitrogen than in synthetic air and the maximum response is obtained at 100°C and at 3 V.

of more favorable chemistry on the Pd-Ag surface. This is
because the catalytic metal/ZnO is most likely highly porous
due to a rather thin catalytic metal (200 nm) and a highly
porous ZnO, which makes diffusion through the metal a
noncritical parameter. It should also be noted in Table 2 that
the recovery times for Pd-Ag and Pt are about the same.
This is most likely because of the back reaction between
hydrogen and oxygen for water formation, as well as carbon
dioxide formation, on the catalytic metal surface both in the
case of nitrogen and synthetic air. It is almost impossible
to attain oxygen leakage free systems for measurements at
atmospheric pressure in the laboratory. It can be inferred
that Pd-Ag alloy is the most suitable catalytic metal amongst

the three for methane sensing using the Pd-Ag/ZnO Schottky
junction.

There are very few reports on metal oxide based methane
gas sensors with high response and fast response and
recovery [6]. The reported sensor structures [1-5] on oxide
based semiconductors operating in the resistive mode and
at high temperatures showed longer response and recovery
time. This is not suitable for low temperature applications,
particularly in the mining environment. It may also incur
higher power consumption and short battery lifetime.

To improve the sensing performance, the surface of ZnO
thin films was chemically modified with Pd. From FESEM
the surface morphology and the pore size were revealed for
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FIGURE 10: Stability study of the surface modified Schottky sensor structures using (a) nitrogen and (b) synthetic air as the carrier gases. It
is observed that the sensor shows more or less stable performance in both the cases. However, the stability in synthetic air initially shows a

little deterioration and then stabilizes.

both unmodified and modified ZnO surfaces (Figure 7). It
was observed that there is little or no difference in the surface
morphology after treatment with PdCl, solution [6]. The
presence of Pd was confirmed by XPS studies. Table 3 shows
the improvement of methane sensing parameters after Pd
surface modification of ZnO thin film.

The variations of the response with operating tempera-
ture and with biasing voltage using 1% methane in nitrogen
and in synthetic air are shown in Figure 8. It is observed from
the figure that maximum response was obtained at 100°C

and at 3 V. It is further observed that the response is higher
in pure nitrogen than in synthetic air.

For the nanocrystalline structure the adsorption energy
[22, 23] is considerably lower, and the presence of dispersed
Pd nanoparticles over ZnO surface further reduces it. As a
result the sensors respond at considerably lower tempera-
ture. It is worth mentioning here that imperfect structural
orientation of the polycrystalline sensing layer (ZnO) also
modulates the gas adsorption behavior and thus the sensing
parameters [24].



Figure 9 represents the transient response for different
concentrations of methane at 100°C using nitrogen and
synthetic air as carrier gases. The response time and recovery
time with increasing methane concentrations as derived from
the transient response curves are shown in Table 4.

It is apparent from the table that response time is shorter
than recovery time that is true also for the cases in Tables
2 and 3. The Pd-Ag/ZnO surface seems to be favorable for
the adsorption kinetics at the catalytic metal and Pd-Ag/ZnO
interface, compare Tables 3 and 4, the same way the recovery
time is longer than the response time for all cases in Tables
2—4. It is interesting to note that the recovery time in Table 4
is about the same in nitrogen and oxygen, which supports
the earlier discussion that the back reaction is the same in
nitrogen and oxygen atmosphere due to oxygen leakage into
the system.

It should be noted that the sensing of methane at 100°C
for Pd-Ag/ZnO might be suitable for practical applications
due to the high response, speed of response, and recovery,
because there is no accumulation of water molecules on the
sensor surface at 100°C [12].

We tested the long-term stability of the Schottky sensor
for 33 days in presence of 1% methane in nitrogen at 100°C,
and the results are shown in Figure 10(a). It is evident
from the figure that the sensors show more or less stable
performance with a negligible variation of current over the
above-mentioned period in a nitrogen atmosphere. We also
tested the stability in synthetic air; see Figure 10(b) for 8
hours and a fairly good stability was obtained. The long-
term stability in air needs to be further tested since this is
the realistic atmosphere for a methane leak detector.

4. Conclusion

Our investigation confirms that methane can be detected
at as low a temperature as 100°C using Pd-Ag alloy as
the Schottky contact to nanocrystalline ZnO thin film,
obtained by anodization of Zn and surface modified by
using noble metal, for example, Pd. Nanocrystalline ZnO
thin films, after Pd surface modification, showed improved
sensing characteristics like large response, short response and
recovery time. The stability of the sensor structure obtained
in this study indicates that the sensor might be good for
methane sensing in the coalmine environment.
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