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ABSTRACT: Polycrystalline thin films of silver oxide were synthesised by chemical
bath deposition (CBD) technique. The particle size in the deposited films was found to
decrease with increasing bath temperature while the porosity was found to increase with
increasing temperature of deposition. The band gap in the film was found to increase with
decreasing particle size. The sensitivity in the presence of alcohol was found to increase
with working temperature before reaching maximum at 250°C. A maximum sensitivity
of ~35% was observed at 250°C in presence of 1000 ppm ethanol for films deposited at
highest deposition temperature.
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1. INTRODUCTION

Nano crystalline silver oxide thin films have attracted great attention of several
researchers due to its unique physiochemical, electrochemical, electronic and
optical properties. Some of the important applications of silver oxide thin films
are in the field of flat panel displays, ultra-high density optical data storage
devices, plasmon photonic devices, organic light-emitting diodes, sensors for gas
detection, anti-bacterial coating, active cathode materials in alkaline batteries, and
as photovoltaic material.!®

As silver is a multivalent atom, it forms various phases like Ag,0, AgO, Ag;O,,
Ag,0;, and Ag,O; by interacting with oxygen atom. The formation of a phase
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depends upon reaction condition of the growth mechanism. Among these, most
stable phases are Ag,0 and AgO. Silver oxide has been reported to be a p-type
semiconductor with direct band gap ranging from 1.2 to 3.4 eV depending on the
deviation in structure, stoichiometry and crystalline phase, which in turn depends
on deposition technique employed to synthesise the film. Different deposition
techniques employed by researchers include thermal evaporation, pulsed laser
deposition, chemical vapor deposition (CVD), RF sputtering, DC sputtering,
electron beam evaporation, and chemical bath deposition (CBD).>'¢ Physical
techniques (such as sputtering, evaporation, etc.) require vacuum and high
temperatures which limit their practical applications. CBD, a chemical solution
process, yields stable, adherent, uniform and hard films with good reproducibility
and is suitable for preparing highly efficient thin films in a simple and cost effective
way. The growth of thin films by CBD strongly depends on growth conditions,
such as duration of deposition, composition and temperature of the bath solution.

In this present work, we have deposited AgO thin films by CBD method with
varying deposition temperature (60°C—-80°C). The influence of deposition
temperature on structural, morphological and optical band gap was reported.
Also, alcohol (ethanol) sensing characteristics of the films were studied. Alcohol
is an organic solvent which is broadly applied in many industries and research
laboratories such as in automotive fuels, developing of coloured materials, dyes
and pigments, drugs and medicines, aromas and perfumes, etc. However, it is
toxic and long-term exposure to alcohol vapour can result in diseases such as eye-
sight trouble and nerve diseases. Owing to its large-scale applications, toxicity
and clinical applications, the improvement of a simple and reliable ethanol sensor
has become essential. To the best of our knowledge, this is the first report for
detection of ethanol with silver oxide thin films. Primarily SnO,, CuO, ZnO and
Fe,0; have been used by researchers for ethanol sensing which generally requires
high operating temperatures. Although ZnO has been reported to show significant
ethanol sensitivity at low temperature (120°C-140°C), SnO, was reported to
show high sensitivity to low concentrations of ethanol in the temperature range
420°C—450°C, Fe,0; was reported to show high sensitivity at 350°C and CuO was
reported to show maximum sensitivity at 400°C (15.4%).!72° ZnO was synthesised
by Pulsed LASER deposition and spray pyrolysis in those works.!”!* The primary
objective of the present work was to synthesise AgO thin films by cost effective
CBD method and to check their potentiality as ethanol sensor.
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2. EXPERIMENTAL

Silver peroxide (AgO) thin films were synthesised on pre-cleaned biological
glass slide substrates by CBD method. Before deposition glass substrates were
degreased in nitric acid for 24 h, washed with detergent, and ultra-sonically cleaned
using alcohol and dried in air. Two gram of silver nitrate A,NQ; was dissolved in
10 ml of distilled water in a beaker. Then, 5 ml of triethanolamine (CsH;sNO3)
(commonly known as TEA) was added drop wise in the solution under continuous
stirring in a magnetic stirrer. TEA was used as a complexing agent which turned
the brownish solution colourless.?? Final solution volume was made 100 ml by
addition of distilled water. The bath solution was kept on a hot plate and the glass
slide was placed vertically into the beaker. After suitable deposition time (90 min),
the slides were removed from the bath, rinsed with distilled water, and dried in air.
Three thin films of silver peroxide were synthesised by variation of bath solution
temperature from 60°C to 80°C in steps of 10°C. Silver nitrate forms a complex
in presence of the complexing agent in the solution which serves as source of Ag**
ion. The silver ion reacts with hydroxyl ion (OH ) present in the solution to give
silver hydroxide (oxyhydroxide intermediate). The synthesised films were finally
heat treated in air at 250°C for conversion to silver oxide. Heat treatment also leads
to better adhesion.

The thickness of AgO films was measured by commonly used weight difference
method using a sensitive microbalance as reported by Mitra and Khan.?® The
method involves measuring the weight of the substrate before and after film
deposition. Thus if W, and W, be the weights of the substrate before and after film
deposition in gm, A4 is the area of film deposition in cm?and p be the theoretical
density, then the film thickness can be evaluated from the equation:

W, —W, i
d:%xlo um (1)

Film thickness was calculated using the theoretical density of 7.3 gm/cm? for AgO.?*
The thickness of the film was found to increase with deposition temperature. The
estimated thicknesses were ~210 nm, ~340 nm and ~430 nm for films deposited
at 60°C, 70°C and 80°C bath temperature respectively. The gravimetry method
of film thickness determination has some limitations because of non-uniformity,
porosity and edge tapering effects in chemically deposited films with porous
microstructure. The actual density of the film is always lower than the theoretical
density used in gravimetry technique which does not takes account of porosity.
Thus the actual thickness is always greater than the measured one using theoretical
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density. However, this error does not affect the comparative data of measured film
thickness.

The phase identification and crystalline properties of the samples were studied by
X-ray diffraction (XRD) method with the help of a Bruker (D8 advance) X-ray
diffract meter using Ni-filtered CuK, radiation (A = 1.5418 A). The diffraction data
were recorded in the range 20°-80° scattering angle and the experimental peak
positions were compared with standard Joint Committee of Powder Diffraction
System (JCPDS) files. UV-VIS photometric measurements were taken using a
double-beam spectrophotometer (Shimadzu, UV-1800) at room temperature.
The spectra were recorded by using a similar glass as a reference and hence,
the absorption only due to the film was obtained. The band gap of the films was
calculated from the absorption edge of the spectrum.

Gas sensing property was carried out using static gas sensing arrangement in a
home-made two-probe assembly housed inside glass. Sensors were tested in a
chamber that allowed temperature control and gas flow. Ethanol was injected by
a micro syringe into the test chamber and the sensing characteristics of the sensor
were then observed by measuring the electrical resistance change of sensor when
the latter was exposed to ethanol. The target gas concentration was varied in the
range 200—1200 ppm by varying the injection level. Upon the exposure to ethanol
the resistance of the material decreases. The sensitivity is defined as:

_ ‘ Rair - R(/as
Sh=""R, X100 @)

where R, and R, represent the equilibrium sample resistance in ambient air and
under test gas respectively. The sensor resistance was allowed to equilibrate in air
for a reasonable time (~30 min) to get a stable value of R,,,. Target gas was injected
after a stable value of R,;, was reached.

3.  RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of AgO thin films deposited at different deposition
temperatures. The observed diffraction peaks were compared with standard
JCPDS-ICPD diffraction patterns from PDF-2 sets 1-43 database as reported by
Ifeanyichukwu.?® The major diffraction peak at ~38.52° corresponds to reflection
from (111) diffraction plane. The four minor peaks at ~32.72°, ~44.84°, ~64.84°
and ~77.83° correspond to the reflection from (002), (200), (220) and (311)
diffraction plane respectively. The XRD data confirmed polycrystalline cubic
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phase of silver oxide. The crystallite size (D) was calculated using well known
Scherrer’s formula:?”-?

_ kA
D= B cosd 3)

where / is the wavelength of radiation used, & is the Scherrer’s constant, f is the
full width at half maximum (FWHM) intensity of the diffraction peak for which
the particle size is to be calculated, and @ is the diffraction angle of the concerned
diffraction peak. The estimated particle size for highest intense peak is ~10 nm,
~8 nm and ~5.5 nm for films deposited at 60°C, 70°C and 80°C bath temperature
respectively. In this connection it must be mentioned that instrumental and strain
broadening was not taken into account while finding the particle size. Thus the
measured particle size is always on the lower side (at most 20%) of the actual
particle size. Decrease in grain size with increasing bath temperature indicated
more polycrystallinity of the films at higher deposition temperature.
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Figure 1: XRD pattern for films deposited at 60°C (a), 70°C (b) and 80°C (c) bath
temperature respectively.
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The strain (¢) in the films were determined using the following formula:?

6:,8025(9 @)

The estimated values of strain were ~2.13 x 103, ~2.75 x 103 and ~3.23 x 103 for
films deposited at 60°C, 70°C and 80°C bath temperature respectively. The increase
in strain might be the reason for lowering of particle size for films deposited at
enhanced bath temperatures. Thus, strain enhancement in turn has beneficial effect
on surface related properties (such as sensing) since lowering of particle size is
equivalent to an exaggerated surface effect.

The optical absorption spectrum (absorbance as a function of wavelength) was
recorded using UV-VIS spectrophotometer measurements. The optical band gap
(E,) was estimated from the plots of (a/v)* versus photon energy (4v) using Tauc’s
relation:*°

(ahv) =A(hv—E,)" (5)

where A4 is a constant, a is the absorption coefficient and n depends on the nature
of transition. For direct transitions n = 1/2 or 2/3, while for indirect ones n=2 or 3,
depending on whether they are allowed or forbidden. The best fit of experimental
data was obtained for n =1/2 corresponding to direct band gap energy. The
optical band gap energy was obtained by extrapolating the linear regions of the
plot on the photon energy axis (Figure 2). The estimated values of band gaps were
~1.46 eV, ~1.55 eV and ~1.64 eV for films deposited at 60°C, 70°C and 80°C bath
temperatures respectively. Enhancement of band gap might be due to decrease in
particle size for enhanced bath temperature deposited films showing signature of
quantum confinement effect. The optical band gap has been reported to depend on
stoichiometry and density of states (DOS) of valance band and conduction band.?!
No attempt to find stoichiometry (by EDX) or theoretical modelling to find DOS
has been made in the present work. Enhancement of absorbance with deposition
temperature is due to enhanced thickness. Conversely, increase of thickness lowers
transmittance in the films. The obtained value of band gap compares well with
reported ones for AgO film as reported by Nwanya et al.??
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Figure 2: Tauc’s plot for films deposited at 60°C (a), 70°C (b) and 80°C (c) bath
temperature respectively.

Figure 3 shows the FESEM images of AgO thin films deposited at different bath
temperatures. The figure shows a general view of the morphology of the films.
The microstructure consisting of off spherical grains and agglomeration of small
crystallites in all the samples is evident from the figure. It is difficult to have
any idea about the particle size from FESEM images since the particles (small
crystallites) agglomerates to create coarse grains in the pictures. Films deposited
at 60°C shows compact interconnected grains with low porosity. However, with
enhanced temperature of deposition, such compactness is lost leading to enhanced
porosity. Thus, bath temperature significantly influences the morphology of the
films by reducing interconnectivity and compactness of the grains and thereby
increasing porosity. Such porous films with small particle size is particularly
suitable for gas sensing applications.
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Figure 3: SEM image for films deposited at 60°C (a), 70°C (b) and 80°C (c) bath
temperature respectively.
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Figure 4 shows the dependence of ethanol gas sensitivity of AgO thin film at
different temperature. The target gas concentration was 200 ppm (parts per million)
in air. Highest sensitivity was obtained at 250°C for all the films. The sensitivity
increased with increase of bath temperature which is due the increase of porosity
and decrease of particle size of the film deposited with bath higher temperature.
Lowering of particle size results in larger specific surface area. The specific surface
area (A) is related to particle size according to the equation:®

A=y ©)

where d is the bulk density of the material and D is the average particle size. The
number 6 is the shape factor. The reduction of particle size from ~10 nm for 60°C
bath temperature deposited film to ~5.5 nm for 80°C bath temperature deposited
film clearly shows a large enhancement in specific surface area for the latter case.
Also, the bulk density in the sample depends on porosity. Enhancement in porosity
for higher bath temperature deposited film indicates reduction of density in the
sample which in turn increases the specific surface area. No attempt was made to
find the porosity (and hence bulk density) in the present work. Only qualitatively
we can conclude that decrease in particle size and decrease in bulk density
observed in our present experiment clearly indicate enhancement of specific
surface area. Enhancement in specific surface area implies higher surface-to-
volume ratio and an exaggerated surface effect. As sensing is essentially a surface
phenomenon involving reaction between target gas molecule and chemisorbed
oxygen species at the surface, exaggerated surface effect leads to enhanced
number of chemisorbed species and thereby increasing the sensitivity. The gas
sensing mechanism normally accepted for semiconducting oxides assumes that
the oxygen adsorbed on the surface of the material traps conduction electrons and
thus increases the material’s resistivity.” The surface adsorbed oxygen species
thus becomes negatively charged chemisorbed speciesor (O; or O7) and acts as
reaction centres for gas molecules. When reduction gas molecules come in contact
with this surface, they interact with this chemisorbed oxygen species, leading to an
inverse charge transference and enhanced conductivity.>* The reaction mechanism
for ethanol with surface adsorbed species leading to the final products CO, and
H,O can be represented as follows:

C,H,OH + 205 = 200, + 3H,0 +e¢ (7)

C,H;OH + 40" = 200, + 30,0 + ¢ (8)
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The electron released in the process goes to conduction band and decreases the
resistance of the material. Withdrawal of the target gas results in increase of

resistance (re-adsorption of oxygen and re-trapping of electrons) and the material
finally comes back to original resistance in air.
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Figure 4: Plot of sensitivity with operating temperature with 200 ppm alcohol concentration

for films deposited at (a) 60°C, (b) 70°C and (c¢) 80°C bath temperature
respectively.

Thus, the increase of sensitivity with temperature up to a particular temperature
may be attributed to the increase of oxygen species concentration on the surface
and sufficient conversion of absorbed oxygen into negatively charged chemisorbed
species (O; or O7).3 The decrease in response after attaining a maximum is
attributed to reduction of gas adsorption ability beyond a certain temperature.

Figure 5 shows the variation of sensitivity with operating temperature at different
ethanol concentration for film deposited at 80°C bath temperature. Inset shows
the variation of maximum sensitivity (obtained by 250°C) against ethanol
concentration in the range 200-1220 ppm. For small concentration of alcohol,
the surface reaction rate is low due to the lower coverage of gas molecules on
the film surface. An increase in gas concentration enhances the surface reaction
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rate and thus sensitivity increases. At higher concentrations, saturation is reached
due to full surface coverage with test gas molecules. The maximum sensitivity
observed was ~35% for 1000 ppm concentration of target gas (see inset) beyond
which saturation effect appears. Although no systematic study was carried out
on selectivity, the material was found to show little sensitivity to 1000 ppm
concentration of acetone (~10% at 250°C) and was almost insensitive to ammonia.

34

32_- u 0o
] u

304 /) O
1>

e,
18 o

2646 %

%4 »

2] 4 O operating temperature 260 'C

200 40 60 80 1000 12
concentration

oo
1

Sensitivity (%)
— N
T

161 —0— 200 ppm

14'_ —O—400 ppm

124 —/\— 600 ppm

10

8
vttt
140 160 180 200 220 240 260 280 300 320

Operating  temperature (°C)

Figure 5: The variation of sensitivity with operating temperature at different alcohol
concentration and inset of the figure shows the variation of sensitivity with

alcohol concentration for film deposited at 80°C bath temperature.

Figure 6 shows the response and recovery characteristics of 80°C bath temperature
deposited AgO thin film at 250°C in presence of 400 ppm alcohol. The resistance
decreases on exposure to target gas and finally saturates with time i.e., reaches R,
value in presence of target gas. The R, value was ~ 4.4 MQ and the R, value was
6.2 MQ. Thus the total resistance reduction was 1.8 M. Reponse time to target
gas (defined as time required for 90% reduction of total resistance reduction) is
48 s and recovery time (defined as time required to get back to original resistance
in air i.e. R,;) is 3 min.
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Figure 6: Response and recovery characteristics of 80°C bath temperature deposited AgO
thin film at 250°C in presence of 400 ppm alcohol.

4. CONCLUSION

Polycrystalline AgO thin film was synthesised by CBD technique. Deposition
temperature was found to influence the microstructure strongly. Higher deposition
temperature results in lowering of particle size and higher porosity. Such porous
polycrystalline thin film with small particle size is particularly suitable for their
application as gas sensing material. The sensitivity was found to be a function
of operating temperature of the sensor material and maximum sensitivity was
observed at ~250°C. A maximum sensitivity for ~35% was observed in presence of
1000 ppm ethanol at this temperature. The material shows reasonably fast response
and recovery.
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