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ABSTRACT: Metal oxide semiconductors (MOS) are well known as
reducing gas sensors. However, their selectivity and operating temperature
have major limitations. Most of them show cross sensitivity and the operating
temperatures are also relatively higher than the value reported here. To resolve
these problems, here, we report the use of palladium—silver (70—30%)
activated ZnO thin films as a highly selective methane sensor at low operating
temperature (~100 °C). Porous ZnO thin films were deposited on fluorine-
doped tin oxide (FTO)-coated glass substrates by galvanic technique. X-ray
diffraction showed polycrystalline nature of the films, whereas the
morphological analyses (field emission scanning electron microscopy) showed
flake like growth of the grains mainly on xy plane with high surface roughness
(107 nm). Pd—Ag (70—30%) alloy was deposited on such ZnO films by e-
beam evaporation technique with three different patterns, namely, random
dots, ultrathin (~1 nm) layer and thin (~S nm) layer as the activation layer. ZnO films with Pd—Ag dotted pattern were found
show high selectivity towards methane (with respect to H,S and CO) and sensitivity (~80%) at a comparatively low operating
temperature of about 100°C. This type of sensor was found to have higher methane selectivity in comparison to other
commercially available reducing gas sensor.

Sensor in this work
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1. INTRODUCTION dissociates to form O~ and O®” ions, which can be described

In recent years, metal oxides (MO), such as ZnO, SnO,, and using eq 1.
WOj,, have been widely used for the detection of flammable,

explosive, and toxic gases (like methane, hydrogen sulfide, B/ 2)OZ(gaS) +ae” +8 o 0" B(S) (1)
carbon monoxide, etc.) because of their unique sensing

properties like resistivity change in presence of target gases, Where § denotes the unoccupied chemisorption sites for
response and recovery time.' > Among them, ZnO is an n-type oxygen and Of) is the chemisorbed oxygen with a = 1 or 2 for

semiconductor that exhibits an excellent sensing property with singly or doubly ionized form and f# = 1 or 2 for atomic or

high electrochemical stability and non toxicity.® The band gap
energy of ZnO lies typically between 3.1 and 3.4 eV. One
dimensional (1D) structures like nanowires,” nanorods,® the conduction band of the n-type semiconductor which creates

molecular form, respectively. The electrons are extracted from

nanobelts,” and two dimensional (2D) structure, such as a depletion or space charge layer on the surface of the MOS,
10,11 . . .
nanoplates, are becoming the subject of interest for which in turn induces band bending. Thus, the adsorbed

scientists because of their small size and high surface-to-volume ) .
. . > . oxygen plays a vital role to decrease the resistance of the MOS
ratio, which help them to detect gases with a wide range of

concentrations by lowering the limit of detection. in presence of the combustible/reducing gas. This phenomen-
It is believed that, the change in electrical properties of the on may be explained by the eq 2.

metal oxide semiconductors (MOS) happens because of the

adsorption of gas molecules and primarily concerned with the Received: November 2, 2013

chemisorption of the oxygen on the surface. Molecular oxygen Accepted: February 24, 2014

is first adsorbed from air on the surface of the MOS and then Published: February 24, 2014
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e + 0, 0,
e +0, =-20

R+ O = RO+ e (2)
Where R is the reducing gas, which reacts with O™ and releases
the electron e” by forming the oxide RO.

A number of metal oxides have been reported in the
published literature for the detection of different gases, for
example, ZnO has been reported for the detection of
hydrocarbon,lz_17 carbon monoxide'®*™*° and ammonia,*' "
however, most of them have concentrated on extending the
sensitivity of the sensors for different analytes. Bhattacharyya et.
al.' have reported the use of Si supported ZnO nanostructures
along with Pd—Ag surface modification for methane sensing
with highest sensitivity of 73% at an operating temperature not
less than 175 °C. Hsueh et. al.'"* reported the fabrication and
application of laterally grown ZnO nanowires as the ethanol
vapor sensor, however, their highest sensitivity was 61% at an
operating temperature of 300 °C. On the other hand, modified
ZnO nanowires can also be used for detection of CO as
reported by Hsueh et. al,,'* however, their reported maximum
sensitivity was 57% at 320 °C. Fe,O;—ZnO nanocomposite was
also found to be an excellent candidate for the selective
detection of ammonia at room temperature.” It is to be noted
that methane is a highly flammable gas which is commonly
found in underground coal mines as well as inside the manholes
in high concentration (1%), and a small spark can cause a
violent explosion if the concentration exceeds the threshold
limit. Therefore, the detection of high concentration methane
at a low operating temperature (without raising any false alarm)
is of great importance from the view point of both
environmental protection and human health.

MOS-based sensors are generally found to be sensitive to the
host of the analyte or a series of analytes with similar
physicochemical properties, and there lies the problem. The use
of different types of metals, such as Pd,**? Pt Au,”’ Ag,28_30
Cu,*!' Co,** non-metals, such asF,** or metal oxides, such as
CuO, as additives are quite common for he purpose of
increasing sensitivity. The use of such additives in turn
increases the cross-sensitivity and hence, the selectivity is
lowered. This may lead to some false positive signal. On the
other hand, the use of metal alloys instead of metals to enhance
the selectivity, as well as sensitivity, at a reasonably low
operating temperature has not been reported so far to the best
of our knowledge. However, Moon et. al.>* have reported the
fabrication of ZnO nanowhisker-based methane sensor
activated by Pd—Ag layer for the enhancement of sensitivity
at reduced operating temperature. Also, the commercially
available MOS-based sensors operating in resistive mode are
found to have reasonable sensitivity but adequately low
selectivity.

The good thing with ZnO, which has been chosen as the
base material here, is that, it can be synthesized in the form of
both thin and thick films by various techniques like
sputtering,* >’ chemical vapor deposition,*** thermal
evaporation,*' metal organic chemical vapor deposition,*
electron beam evaporation,* pulsed laser deposition,** sol—
ge1,45_47 arc plasma reaction,” etc. In this work, we have
considered a modified electrochemical technique, called the
galvanic technique,**° for the deposition of ZnO thin films on
transparent conducting oxide (TCO) coated glass substrates.
To increase the sensitivity and selectivity of CH,, the authors
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have experimented with e-beam evaporated Pd—Ag alloy to
form a bilayer structure. The Pd—Ag alloy has been deposited
on ZnO films in two ways, namely, uniform deposition of
ultrathin layer without using mask and dotted structure using a
mask.

This work includes the use of Pd—Ag alloy for the first time
to enhance the selectivity (among CH,, H,S, and CO) as well
as sensitivity at a reasonably low operating temperature
(~100°C). Most of the previous works reported response
above 300 °C*"'®'7 which is not desirable in mining
environment. Here, the response characteristics were measured
for bare ZnO, ZnO/Pd—Ag alloy ultrathin layer (1 and $ nm),
and ZnO/Pd—Ag alloy dotted structure in presence of
methane, carbon monoxide and hydrogen sulfide. A commer-
cially available MOS type methane sensor was also exposed to
the same gaseous environment, to compare the performance.
We have also tried to find out the actual reason and the related
reaction mechanism behind such enhanced selectivity.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Porous ZnO Films. ZnO thin films with
flakelike morphology were deposited using a modified electrochemical
technique, called galvanic technique. The detailed deposition
procedure has been published elsewhere.** It has been found that
the flake like growth of the ZnO grains mainly on xy plane resulted in
porous structure with high surface roughness, which in turn, helps in
better adsorption of the test gases. So, in this work, we have carried
out the surface activation and sensing experiments on the ZnO films
with flake like morphology distributed on xy plane.

2.2. Deposition of Pd—Ag Alloy on the Surface of ZnO Thin
Films. Commercially available Pd—Ag alloy (70% Pd and 30% Ag)
was deposited on the ZnO film surface with three different structures
using electron beam evaporation technique (Auto 500, Hind High
Vac). In the first structure, Pd—Ag dots were deposited on the ZnO
surface through an aluminium (foil) mask having an average pore
diameter of 0.5 mm. In the second and third case, 1 and 5 nm thin
layers of Pd—Ag alloy were deposited on the ZnO films, respectively.
Both in second and third technique, no mask were used. For all cases,
the e-beam evaporation was carried out at 4X107° mbar of pressure.
The thickness of films was monitored using an inbuilt dynamic
thickness monitor. To make ohmic electrical contacts with the sensing
layer, metallic Au was evaporated by e-beam technique. The area of
each metal pad was 0.1 mm X0.1 mm on which conducting wires were
connected using bonding machine. As the effective area of such Au
contacts was significantly small in comparison to the entire sensor
surface, it is expected that the influence of these Au pads towards the
sensing mechanism of the proposed sensor prototype will be
negligible. The schematic of the process is shown in Scheme 1.

2.3. Analysis Techniques. The morphology and crystal structure
of ZnO films were analyzed by field-emission scanning electron
microscope (FESEM, Carl Zeiss) and X-ray diffraction (XRD,
SEIFERT 3000P, parallel beam geometry, Bragg-Brentano goniometer,
source Cu Ka, 4 = 1.540598 A) techniques, respectively. The optical
measurements were carried out using a JASCO V-530 UV-Vis unit.
The gas sensing properties of the developed sensor prototypes and
some commercially available sensors have been measured by a gas
analyzing system as shown in Scheme 2 and a comparative analysis of
their properties has been carried out. The flow of the gases inside the
mixing chamber was controlled by mass flow controllers (MFC, MKS
Inc., model 1479A). IOLAR grade N, was used as the carrier gas. The
mass flow rate and thus the relative concentration of the gases were
kept constant throughout the experiment. The developed and
procured sensors were exposed in three types of gases, namely,
CH, H,S, and CO. The sensing performance was measured by
“resistive mode” and the sensitivity in percentage (S) was calculated as

§ = [(R, — Ry X 100]/R,
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Scheme 1. Schematic of the Three Proposed Sensor

Structures
Pd-Ag dots on ZnO

Pd-Ag 1 nm layer on ZnO

Au Contact

[

[Pd-Ag 5§ nm layer on ZnO]

Au Contact

where iR, is the sensor resistance in air and R is the corresponding
resistance in presence of the test (reducing) gas.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization by XRD. X-ray
diffraction measurements of the films were carried out to
ascertain the formation of ZnO and to determine the phase and
grain growth. The thickness of the film taken for XRD analysis
was about 0.60 ym. From the XRD pattern (Figure 1), the
deposition of polycrystalline (with no preferred orientation to
any particular crystallographic plane) ZnO films was observed.
The diffractions were observed from eight crystallographic
planes, namely, (100), (002), (101), (102), (110), (103),
(112), and (202), which indicate the formation of wurtzite
(hexagonal) ZnO and matched well with the standard
diffraction pattern (JCPDS card no. 05-0664). Among all the
crystallographic planes, the highest intensity was observed for
the (101) plane. The asterisk-marked peaks in the XRD pattern
represent SnO, of the bottom FTO substrate (JCPDS card no.
21-1250). The sharp diffraction peaks indicate significant
crystallinity, which in turn helps in better device performance.

3.2. Morphological Analyses by FESEM. The FESEM
image of the uncoated film is shown in Fig. 2a, from which a
randomly oriented hexagonal flakelike morphology for the
deposited films is observed. The hexagonal geometry of the
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Figure 1. XRD pattern of the deposited ZnO film.

Figure 2. FESEM images of (a) blank ZnO film, (b) ZnO film with 1
nm Pd—Ag coating, (c) ZnO film with 5 nm Pd—Ag coating, and (d)
Pd—Ag dots. Inset: High magnification image showing the
morphology of a dot.

films supports the findings from XRD analysis. Such a random
orientation of the flakelike grains makes the surface significantly
rough which also consists numerous hollow cages formed by
the overlapping of the grains and sufficient amount of exposed
surface area on the grains. These factors, mainly the enhanced
active surface area, help in better adsorption of the gaseous
species and device performance. The average thickness of such
hexagonal grains was found to be about 200 nm, while the
length of a side was about 3 ym. When a 1 nm thin layer of

Scheme 2. Illustration of the Gas Flow and Measurement System
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Pd—Ag was deposited on the ZnO films, the morphology
becomes to some extent smoother, as can be seen from Figure
2b. The hollow cages were found to be filled up partially by the
alloy giving rise to a ridge-and-valley topography. Some clusters
of the alloy on the valley can also be seen from Figure 2b. The
surface becomes further smoother on depositing a 5 nm thin
layer of Pd—Ag alloy (Figure 2c) as most of the hollow cages
were found to be filled up by the alloy evaporation, giving rise
to a porous but flat structure. Figure 2d is showing the dotted
pattern of the deposited Pd—Ag alloy. The high magnification
image of a dot (Fig.2d inset) is showing similar ridge-and-valley
structure as obtained for the 1 nm thin alloy coating. This
indicates sufficient unevenness within a dot.

3.3. Optical Properties. To have an idea about the band
gap energy of the deposited material, UV-Vis measurements
were carried out. The absorption spectrum (Figure 3) shows a
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Figure 3. UV—vis absorption spectrum of representative blank ZnO
film.

sharp raise around 400 nm which corresponds to the band gap
energy of about 3.1 eV, typical for bulk ZnO at room
temperature. The sharp increase in the absorption spectra, in its
turn, reflects good crystalline nature of the deposited film,
which is in good agreement with the XRD analysis.

3.4. Selective Methane Sensing. The sensing properties
of different types of sensor prototypes developed in this work
were measured in presence of diluted CH,, H,S, and CO. The
concentration of each gas and the temperature of the
experiment were maintained at ~1% (with a tolerance of
0.2% of full scale) and 100 °C (£ 2 °C), respectively and the
flow rate of each gas was maintained at 35 sccm throughout the
whole experiment. The sensor chamber was purged with dry
nitrogen and air, initially and after each set of measurements.
After the samples were loaded, the measurement chamber was
closed; the vent valve was opened and the chamber was purged
with dry nitrogen and dry air until it reaches the operating
temperature of 100 °C (approximate duration 15 minutes). As
soon as the dry air and nitrogen started flowing over the surface
of the sensor, the ZnO layer starts trapping the oxygen from the
purged air and forms O*. When the optimum operating
temperature was reached, purging of dry air and nitrogen was
stopped and the test gas with required concentration was
allowed to flow in to the chamber for 3 minutes and the
measurement was carried out. After the data were recorded, the
inflow of test gas was stopped and the chamber was again
purged with dry air and nitrogen until the initial resistance was
recovered. During this process, the ZnO layer again traps
oxygen from the purged air, forms O, and gets ready for the
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next cycle of operation. To compare the performance of the
developed sensor prototypes, commercially available methane
sensors were also tested under the same environment. The
response of the developed ZnO/Pd—Ag dotted sensor
prototype at 100 °C showed a stable response and high
sensitivity towards methane. For H,S and CO, no such high
level of sensitivity was observed, which indicates a specific level
of selectivity of this prototype towards methane. The sensing
results and the recovery of ZnO/Pd—Ag dot type sensor
prototype for CH,, H,S, and CO are shown in Figure 4a. A fall
of resistance of about 200 KQ (initial 250 K, final 50 KQ)
was observed for CH, after 300 s for the dotted prototype. The
change was insignificant for H,S and CO. The response of the
commercially available MOS based sensor towards the three
test gases under the same condition is shown in Fig. 4b, which
reveals almost similar type of response for CH,, H,S, and CO,
making it poorly selective towards CH,, Its first response time
was relatively short; however, the response ratio curve starts
deteriorating after repeated exposure towards the test gases.
This might be due to the similar adsorption mechanism exerted
by the commercially available sensor towards the three test
gases, which is not desirable. The response curves towards 1%
CH, for ZnO/Pd—Ag 1 nm layer and ZnO/Pd—Ag S nm layer
structures are shown in Figure 4c and 4d, respectively, which
revealed almost similar trend. A fall of resistance of about 100
KQ (initial 180 K€, final 80 KQ) and 70 KQ (initial 150 KQ,
final 80 KQ) were observed for CH, after 7 and 9 s for the 1
and 5 nm layered structure, respectively. As these performances
towards only methane are comparatively poor, we did not carry
out any selectivity measurements with these two patterns.
Figure Sa indicates good repeatable response characteristics for
all the three developed sensor prototypes for methane gas. It
was also found that the ZnO/Pd—Ag S nm layer sensors have
40%, ZnO/Pd—Ag 1 nm layer sensors have 50% and ZnO/Pd—
Ag dotted sensors have 80% (highest among the three)
response towards methane. A comparative bar diagram of
response and cross sensitivity for procured methane sensor and
ZnO/Pd—Ag dotted sensor is shown in Fig. Sb. The procured
sensor showed a response more than 90% for all three gases,
without any selectivity, where as ZnO/Pd—Ag dotted sensor
showed 80% response selectively towards methane and only
12% and 15% response towards CO and H,S, respectively, at an
operating temperature of 100°C. This indicates high selectivity
and sensitivity of the Pd—Ag dotted pattern towards methane
in comparison to the commercially available sensor.

To evaluate the stability and repeatability of the fabricated
sensor, a five-day long experiment with 10 cycles per day,
leading to total SO cycles, were carried out, which is shown in
Figure Sc. The sensor performance was found to be consistent
throughout the 50 cycles, however, slight decrease in sensitivity
was observed during the last 10 cycles on the fifth day, which
might be due to the trapping of the test gas and less degassing
occurred after so many cycles of test, which is natural for MOS
based gas sensors. However, the results are promising as they
fall within the acceptable limit.

The concentration dependent nature of the proposed sensor
for CH,, CO, and H,S is shown in Figure Sd. The
measurements were carried out over a concentration range of
0.1% to 1.0% of the three test gases and the fabricated sensor
was found to be highly selective to CH, over this wide range of
concentration. However, the methane sensitivity was found to
increase with an increase in the concentration of the gas, but
this trend was not so prominent for CO and H,S. The order of
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Figure 4. Response curves for (a) ZnO/Pd—Ag dot type sensor prototype towards 1% CH,, H,S, and CO, (b) procured sensor towards 1% CH,,
H,S, and CO, (c) ZnO/Pd—Ag 1 nm layer towards 1% CH,, and (d) ZnO/Pd—Ag S nm layer towards 1% CH, The operating temperature was 100

°C for all measurements.
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Figure 5. (a) Bar diagrams showing repeatability of the developed sensor prototypes towards 1% methane, (b) comparative bar diagram of response
and cross sensitivity for the procured sensor and the developed ZnO/Pd—Ag dotted sensor, (c) number of cycles vs. sensitivity plot showing the
stability of the ZnO/Pd—Ag dotted sensor, and (d) variation of sensitivity of the ZnO/Pd—Ag dotted sensor with the concentration of the test gases

at 100 °C.

methane sensitivity was about 42 > 60 > 71 > 82% for 0.1, 0.25,
0.50, and 1.0% of the gas, respectively. The results also indicate

that the proposed sensor prototype is quite eligible to detect
CH, selectively from a mixture of CH,, CO, and H,S over a
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Scheme 3. Mechanism for Oxygen Absorption on the Pd—Ag Dotted ZnO Surface at (a) Room Temperature, (b) <150 °C, and
(c) >150 °C and (d) Methane Sensing Mechanism on the Pd—Ag Activated ZnO Surface at <150°C
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wide range of concentration, which is required for its practical
use in coal mines and manholes.

3.5. Mechanism of Selective Methane Sensing by the
ZnO/Pd—Ag Dotted Structure. The basic methane sensing
mechanism of the ZnO based sensor is supposed to be highly
dependent on the adsorbed O, molecules on its surface.
Basically, one oxygen molecule attracts one electron from the
conduction band of n-ZnO and forms O,”. This reaction takes
place at room temperature and O, persists up to 150 °C.
Above 150 °C the so formed O, takes up another electron
from the conduction band of n-ZnO, leading to the formation
of O™ ion.®7*° These O,” or O~ ions get adsorbed on the
ZnO surface forming Zn0O:0, /O~ species through strong
ZnO—0,7 /O~ interaction. When some catalytic metal atom
like Pd—Ag, as the case here, is introduced on the surface, same
reduction reactions of adsorbed oxygen takes place. (Scheme 3)
However, in this case, the majority of the O, ions (as the
operating temperature is 100°C for the developed prototype)
are bonded with the metal atoms (Pd—Ag) and forms Pd—
Ag:0,". As, the strength of such Pd—Ag:0,~ bond is weaker
than Zn0:0,” bond,***® so the oxygen species is easily
releasable from the metal atoms at comparatively lower
temperature. Further, at the operating temperature ~100°C,
CH, breaks down to produce CHj and ‘H.*>*° This hydrogen
radical reacts with the absorbed O, mainly coupled with Pd—
Ag, and as a first byproduct we get hydrogen peroxide (H,0,).
But H,O, is highly unstable at 100°C, so, it breaks down
instanteniously in to H,O and O,. Gibb’s Free energy for
formation of H,0, () is -105.48 kJ/mol and the breaking up of
H,0,(,) to HyO(g) and O,y is —228.61 kJ/mol. In both cases,
the value is negative, indicating the spontaneity of the reaction.
Scheme 3 is describing the whole sensing mechanism, where,
for the first time the formation of H,O, as the byproduct is
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reported. Because of the probability of H,0, formation, we got
a high response at low operating temperature.

Also for the selectivity enhancement, the absorbed oxygen
species play an important role, as the availability of O,” and O~
differs at two different operating temperatures. The developed
sensor prototypes were very less sensitive towards CO and H,S,
in comparison to CH,. Such behavior can be explained if we
consider the corresponding sensing mechanism. The redox
reactions, which might be involved in the detection of CH,,
CO, and H,S by the metal oxide based sensors, are as follows:
(i) CH, —» CH; + H, 2H + O,” = [H,0,] - H,0 + 0,, (ii)
CO + O™ = CO, + e, and (iii) H,S + O~ = SO, + H,0.>>%’
It can be seen that, CO and H,S could not react with O,
because of the unavailability of vacant orbitals on carbon and
high breakdown temperature for H,S (above 300 °C).>” It has
been mentioned earlier that at about 100 °C, mainly O, ions
prevail; along with a diminutive population of O~ ions. This
means, at an operating temperature of 100 °C (the case here),
mainly CH, could undergo the required redox reaction, and
hence, be detected. Reaction of CO and H,S with the
diminutive amount of O available at 100°C is reflected in
the diminished sensitivity of CO and H,S for the reported
prototype, as can be seen from Figure Sb.

3.6. Methane Sensing Mechanism of Different ZnO/
Pd—Ag Patterns. In this work, three different patterns of Pd—
Ag alloy were deposited on the ZnO thin film surface and three
different responses were obtained. An explanation of such
behavior has been provided from the point of view of their
band structure. The work function of n-ZnO (®,) is 4.45 eV
and Pd is 5.12 eV (®,,).°**” The work function of Ag is 4.72
eV, so there is a probability that the effective work function of
the Pd—Ag alloy will be lowered by a small amount from that of
pure Pd, however, this will still be sufliciently higher than that

dx.doi.org/10.1021/am404883x | ACS Appl. Mater. Interfaces 2014, 6, 3879—3887
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Scheme 4. Band Diagram of ZnO and Pd—Ag Alloy (a) before and (b) after Contact at Equilibrium Condition
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Scheme 5. Schematic of Depletion Region and Space Charge Region Formation for the (a) 5 nm Layer, (b) 1 nm Layer, and (c)

Pd—Ag Dotted Structure on the ZnO Surface
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of ZnO. As @ > ®, we may consider that n-ZnO and Pd—Ag
metal interface makes a Schottky junction. Because of the
formation of junction, a depletion region is created at the
interface of the two layers, which is shown in Scheme 4. As a
result, the effective thickness of ZnO layer decreases and hence
it creates an impression on the internal resistance of it. This
may be demonstrated by the following equation:

R=pxL/A

Where R denotes the resistance of the film, p is resistivity, iL
denotes the distance between two contact points, and A
denotes the cross sectional area (or effective thickness) of the
film. This means if A decreases because of the formation of the
junction and depletion layer, then R will increase. In case of
bare ZnO, the surface resistance was ~130 k€. For the coating
of S nm Pd—Ag layer on ZnO, the resistance was about 150 k€2.
The increment of resistance was due to the formation of
depletion region at the metal-semiconductor junction. How-
ever, only ~40% response towards test gas was found for such
pattern, might be due to the coverage of ZnO layer by Pd—Ag
and subsequent lowering of the active surface to volume ratio of
ZnO film. For 1 nm Pd—Ag layer, comparatively higher
resistance (~180 k) was observed, with partial coverage of
the lower lying ZnO film (Figure 2b). This in turn increases the
number of active ZnO sites, in which O, and the test gas get
adsorbed. The adsorbed O, on the surface forms O, at 100°C,
which creates space charge regions on those parts of the ZnO
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surface. The increase in the initial resistance for this pattern is
not only due to the depletion region but also due to the space
charge region created by O, ions on the ZnO surface. The gas
response was somewhat increased (total 50%) in comparison to
the 5 nm layer, because of the increase in the number of active
ZnO sites opened up due to partial covering by 1 nm Pd—Ag
layer. In the case of Pd—Ag dotted structure, the initial
resistance was found to be much higher (~250 kQ) than the
other two patterns, as most of the ZnO surface was bare which
can interact with molecular O, to form O, (at 100 °C) and
creates a large number of space charge region. Also the Pd—Ag
dots on ZnO create Schottky barrier and depletion region in
the interfaces, however, the effect due to space charge region is
predominating here. Because of the combined effect, a high
resistance of about 250 k€ was found in this case. Also the
response was highest for Pd—Ag dotted structure (about 80%),
because in this case the active surface to volume ratio of ZnO
reached its highest position because the minimal coverage by
Pd—Ag. The entire phenomena can be explained using Scheme
5.

4. CONCLUSIONS

Fabrication of Pd—Ag alloy activated ZnO thin film based
highly selective methane sensor prototype has been reported.
Among the three possible Pd—Ag sensitizer patterns, the dotted
structure was found to be most efficient for selective methane
sensing at comparatively low operating temperature (100 °C).
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The role of Pd—Ag activation, adsorbed O, molecules and its
derivatives (O, and O~) towards the sensitivity and selectivity
of methane have been explained. We have also showed that the
selectivity is dependent on the electronic band structure of the
activated ZnO films. The sensor performance was found to be
sufficiently stable with consistent selectivity over a broad range
of concentrations of the three test gases. A comparison on
methane selectivity has been made with one of the
commercially available sensors, and our reported prototype
came out with better result.
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