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Abstract

In the present study, approaches towards the processing of screen-printed metal
and metal oxide films for the optoelectronic and gas sensing applications are elaborated.
Phase pure, highly reactive, nanocrystalline functional materials namely conducting
(Ag and Ag-Cu) and semiconducting (CaVOs, pristine and doped ZnO) particles of
nano to sub-micro size, which are decent for the formulation screen printing inks are
obtained using polyol and facile solution combustion synthesis route respectively. A
novel aqueous based combustible particle-free silver and ZnO screen printing inks
possess the desirable thixotropic and shear thinning properties for the screen printing,
are formulated by using eco-friendly binder Na-CMC and solvent water. The
conventional particle based pristine and Sr-doped ZnO screen printing inks are
comprised of 60 wt % of functional materials (ZnO/Sr-doped ZnO) and remaining
organic vehicle made of Na-CMC and water. Crystalline silver films are processed by
depositing particle free silver screen printing inks followed by annealing at 200 °C,
displays electrical conductivities in the range of 2-8 x10° Sm™*. High conductive films
with minimal thickness (3 um) and high dimensional accuracy used as electrode for
TFTs exhibit a psat, lon/lof, and Vi of 0.88 cm? V1s™1, 102, and ~0.3 V, respectively.
High crystalline screen printed ZnO sensor processed at 500 °C from aqueous particle
free-ZnO inks showed significantly high gas response (S = 336) and selectivity towards
5 ppm of NHs under ambient conditions. Porous, well-adhered particle-based screen
printed ZnO sensors processed from glycine fuel system exhibited good gas sensitivity
towards NHs, CoHsOH, Clz. Sr-doped ZnO sensor with smaller crystallite size and
lesser lattice distortion exhibited highest gas response 70 towards the 50 ppm of NH3
gas at room temperature and also high selectivity to ammonia against various gases such
as xylene, acetone and toluene. Upon RuO: activation, NH3 response of RuO2/Sr-doped
ZnO heterostructure sensor was diminished to ~2. La-doped BaSnO3 sensor exhibited
superior gas response upon exposure of both the NH3z and HCHO gases than the
BaSnOs, ceria and ruthenate sensitized La-doped BaSnOs sensors.

Keywords: Screen printing, solution combustion, Ag, Ag-Cu alloy, CaVOs, ZnO, gas

sensors, TFTs.
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CHAPTER 1

INTRODUCTION

Nowadays, printed electronics is a prominent technology that would likely to
be alternative to the conventional silicon-based electronics in innumerable applications
and with huge market potential (Lupo et al. 2013). According to Nano Markets report,
there are three main reasons which brief why the printable electronics is grabbing the
substantial attention. Primarily, the printing process can be extended to various kinds
of substrates which allows the modification of the system for fabrication of electronic
devices such as material selection, design and manufacturing phases. Secondly, printing
technology offers new business models, in the sense which makes provision for
establishment of small-scale industries with low investment say desktop manufacturing.
Further the conventional electronics is cost-effective only on the mass production scale,
but printed electronics offers flexible and economical approach for the production of
tailored small-volume products with large scale (Kunnari et al. 2009). The use of
printing technology for manufacturing electronically active components
(semiconductor layer, electrodes, diodes, dielectrics etc) in a large manner is a current
development, even though printing technology has existed for several decades (Singh
et al. 2006). Significant reasons behind the crawling into the printing technology in
electronic industry are better economics and environmental issues. Accuracy, stability
and reliability with the new functional conductive ink in the printing process made
printing technology as the necessitate approach for the development of the following
flexible electronic devices such a resistor, antennas, capacitors, diodes, sensors,
photovoltaic cells, displays, batteries and thin-film transistors (TFTs) (Sowade et al.
2016).

The unique difference between the manufacturing of convectional and printed
electronics is that printing is an additive process whereas the fabrication of electronic
circuitry using lithography demands subtractive processes mainly etching and cleaning.
Fig. 1.1 depicts the steps such as etching and cleaning are replaced by a one-step process
comprising of depositing functional material on the suitable substrate. From the



viewpoint of environmental aspects use of corrosive chemicals for etching and cleaning
leads the process is less eco-friendly; printing technology absolutely offers appreciable
reduction of wastage, ensure that all the material which is involved in the fabrication
ends up into the final product. On the other hand, the processes employed in fabrication
of silicon-based electronics are, well-established methods with remarkable accuracy,
stability and reliability. Printing methods are usually uncompetitive, in terms of
aforementioned features compared to conventional silicon technologies. In an additive
process, fabrication of device was enabled by adding electronic materials layer over
layer and functionality is completely independent of substrate. The accomplishment of
the printing on various substrates makes component at low cost, large-area and at low

processing temperature compared to thermal evaporation and sputtering (Cui 2016).

Subtractive technology:

1. Material 2. Resist 3. Expose 4. Etching 5. Cleaning

4
Added material Photo resist {-\,\:} UL friask . . ' . . ’ . . . '
o 0 0 o 0 0

..-..I.I.I..l.l.l

Additive technology:

=

Substrate Printing Added material

e bl

Fig. 1.1 Difference between subtractive and additive manufacturing technologies
(Kunnari et al. 2009)

One of the advantages of printed electronics over the conventional electronics
is the prospect of low-cost devices. In general, there are two major ways to minimize
the cost of electronics; (i) by increasing the packaging efficiency of the IC’s which is
defined by ratio of all devices on system-level board compared to the area of the board
and (i) increasing the cost effectiveness by working on larger but cheaper substrates.

Except additive process, no other techniques can be employed to achieve large area



patterning on inexpensive substrates like plastic, ceramics, laminates, and metals. Using
the printing techniques like gravure, screen, offset and ink-jet printing, high-resolution,
low-cost and large area flexible electronics can be produced (Parashkov et al. 2005).
The selection and adaption of the existing printing processes towards the deposition of
functional layers in the fabrication of devices are still current topics of research and

might have high appropriateness for the future industry of electronics manufacturing.

There are plenty of peer-reviewed studies reported on the usage of different
printing techniques. Among existing printing techniques, the screen-printing technique
is a cost-effective and reliable method which can be used to print on substrate of interest
in large-volume without the requirement of the sophisticated printing environment,
such as high vacuum, inert gas-flow, high-grade clean rooms and so on. No necessity
of a sophisticated environment and large volume production make provision for the
establishment of low-cost manufacturing in mass quantities. By considering these,
conductive electrodes for the various devices, specifically TFTs and active layer for the
gas sensors, can be printed through the screen-printing technique, thereby time and cost
required can be reduced considerably compared to other printing processes (Cerda et
al. 2002; Liang et al. 2016).

CHAPTER 2 briefs the existing literature in the area of research namely printing
technique, synthesis of functional materials, formulation of screen-printing inks,

printed devices etc.

CHAPTER 3 is dedicated to the synthesis of functional materials (Ag, Ag-Cu alloy,
CaVOgz, ZnO and Sr-doped ZnO) for the formulation of screen-printing inks. The
experimental results confirmed that Ag and Ag-Cu alloy NPs capped with PVP of an
average size of 33 £ 19 and 48 £+ 15 nm, respectively were synthesized. Phase pure,
non-stoichiometric, nanocrystalline pristine and Sr-doped ZnO particles were
synthesized by the SCS route with an average particle size of 0.84 and 0.45 pum,
respectively. The properties of synthesised functional materials are suitable for the

formulation of screen-printing inks.

CHAPTER 4 is assigned to the formulation of particle-free and particle-based screen-

printing inks of metal and metal oxide. The obtained results assured that the formulated



particle-free and particle-based screen-printing inks to obtain the desire films with the

acceptable rheological properties, required a low annealing temperature.

CHAPTER 5 is dedicated to the fabrication and characterisation of metal (Ag) and
metal oxide (ZnO, Sr-doped ZnO, BaSnO3z and La-doped BaSnOz) screen printed films
and their applications. The results revealed that the high conductive silver films
processed at 200 °C having electrical conductivities of the order 10* S.cm™ and
minimum thickness (~ 3 um) were used as the bottom gate electrode for TFTs, which
exhibited an acceptable performance with static performance parameters, such as fisat,
lon/lof, and Vi of 0.88 cm? V1 s71, 102, and ~ 0.3 V, respectively. Particle-free screen
printed ZnO sensors processed at 500 °C showed a significantly high gas response (S =
336) and selectivity towards 5 ppm of NHs under ambient conditions. La-doped
BaSnOs3 sensor exhibited superior gas response upon exposure of both the NHs and
HCHO gases than the BaSnOz and sensitized La-doped BaSnOz sensors.



CHAPTER 2

LITERATURE REVIEW

The current demand in the electronic industries is concerned mainly on the
reduction in the wastage of functional materials and environmental issues. Presently,
subtractive technologies have been adopted for the manufacturing of electronics on
costly substrates. Even though the performance of the electronics is good, but the
fabrication involves using of environmental hazardous chemicals for etching,
considerable wastage of functional materials and also time-consuming, makes to
discern an alternative. Printed electronics may help in bypassing the above-mentioned
problems which come across in subtractive technology. Printed electronics ensures that
the functional materials deposited on the substrates will end up into final product and
completely rule out the etching process for the development of patterns. In the
forthcoming sections of this chapter dealt with the selection of facile and versatile
printing technique, preparation for the fabrication of electronically active components
(conducting and semiconducting layers) using the selected printing technique and its

applications in various fields such as TFTs, gas sensors, etc.

2.1 Printing technology

Printing (Press) is a reproductive method which replicates the information (such
as a text, graphics, pictures) by depositing the inks on the image-carrying medium
(substrates). In the fifteenth century, Gutenberg’s work on printing with movable lead
type, triggered a revolution in multiple duplication of the same picture on the substrate

from the format using ink.

Paper was used as the first printing substrate, still continues as a dominant one.
During 1912, production of cellophane film (derived from regenerated cellulose) is
inclined due to its transparency and barrier properties, and it is employed as a substrate
for multicolour printing. Another stage in printing, plastics which are obtained from
petroleum derivatives emerged as the first plastic films in the 1950s. Later, situation

emerged in which the plastics played a vital role in various fields, including as printed



materials (lzdebska et al. 2015). General printing processes exist today are broadly
classified as follows (Michel et al. 2001):

Relief printing.

. Gravure printing.

1
2
3. Offset (lithographic - planographic) printing.
4. Screen (permeographic) printing.

5

Digital Printing.

e
(b) ‘/\

g

Fig. 2.1 Diagram of the patterning elements (blue) with the ink (red) of major print

44

(c)

techniques: (a) Relief printing, (b) intaglio printing (c) lithographic printing, (d) screen
or stencil printing, and (e) ink-jet printing (Michel et al. 2001).

Relief printing (fig. 2.1 (a)) the printing elements are located above the
nonprinting ones. The substrates are to be printed, brought into firm contact with the
protruded surface that already inked. Flexographic printing, letterpress printing, and
other processes of transferring an image from a raised surface comes under relief
printing technique. In this printing, important aspect is the selection of suitable printing
plates for the type of inks used. The wrong choice can lead to bulging of the plates

during printing, which may affect the quality of the prints adversely.

[ep}



Gravure or intaglio printing (fig. 2.1 (b)) is the converse process of relief
printing, in which ink is transferred from the sunken surface of printing plate and is
pressed against the substrate. Printing cylinders with recessed surfaces are created using
laser engraving technology facilitates very high-quality prints, on both absorbent and
non-absorbent substrates. Due to the high implementation cost, gravure is restricted

only for high-volume or luxury work. Switching of lab-scale process to a large-scale

production is the main challenge.

At the end of the eighteenth century, lithographic printing (fig. 2.1 (c)) was
invented by Alois Senefelder. It uses a chemically patterned flat surface with areas that
accept ink (oleophilic-ink friendly) and areas that repel ink (dampening-hydrophilic
friendly). The parameters which define the printing and nonprinting elements during
conventional offset printing process are ink, dampening solution and surface tension

property of the substrate.

Fig. 2.1 (d) depicts the stencil/screen printing. Screen printing transfers an
information by passing ink through openings in a stencil onto the substrates. This
technology is being used for mass production due to its advantages including simple,
low cost, versatility, miniaturization and offers no restriction on any type of substrates.
The technique has a typical resolution of about 50-150 um. It is widely used for all
printing paper mainly newspaper etc. for paper publications (Schuler et al. 2009).

Achieving the lesser thickness through this technology is the main challenge.

Digital printing (ink jet printing) is a noncontact process, is able to unload a
required quantity of materials directly from a computer-designed image onto a selected
area of a substrate with minimal human involvement. It is a flexible and cost-effective
method for micro- and nano-fabrication. Nozzle clogging is the challenge in the digital
printing, as the inks of inkjet printing consists of insoluble micro- or nanoparticles that

can aggregate and precipitate (Haverinen et al. 2010).

A clear scrutiny of the recent development in the field of printed electronics is
needed, in order to make some perception regarding printing techniques. There are
plenty of studies have done regarding usage of these techniques in fabrication of
electronic devices, reported in the peer viewed journal. Despite of challenges such as

low performance, less accuracy and reliability of electronic devices, a mammoth work
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is being carried out in electronic industries for adapting printing methods rather than
convention techniques due to its advantages and efforts to minimize the concerned
drawbacks. Table 2.1 gives consolidated information on the different parameters of the

printing techniques so far used in electronic industries.

Table 2.1 Comparison of various printing techniques (Khan et al. 2014).

Parameter Gravure Offset Flexography  Screen Inkjet
Print Resolution (pm) 50-200 20-50 30-80 30-100 15-100
Print thickness (um) 0.02-12 0.6-2 0.17-8 3-30 0.01-0.5
Printing Speed (m/min) 8-100 0.6-2 5-180 0.6-100 0.02-5
Req. Solution Viscosity
0.01-1.1 5-2 .010-0.500 0.500-5 00.1-0.10
(Pa.S)
Surface Tension (mN/m) 41-44 - 13.9-23 38-47 15-25
Material Wastage Yes Yes Yes Yes No
Controlled Environment Yes Yes Yes No No
Experimental Approach Contact Contact Contact Contact Contact-less
Process Mode Multi-steps  Multi-steps Multi-steps Multi-steps  Multi-steps
R2R Compatibility Yes Yes Yes Yes Intermediate
Hard Mask Requirement
o No No No Yes No
for each printing setup
Printing area Large Large Large Medium Large

Generally, all electronics industries are aiming for the high profit which is defined as
high productivity with less effort, without compromise in performance as well. After
putting glance over the different printing methods, screen printing method is found
to be a facile, reliable and user friendly and ability to print on any type substrates under
ambient conditions. Screen printing process offers advantage such as no requirement of
the sophisticated environment which leads to a less investment. On the other side, it is
suitable for large-volume production, these two makes provision for the establishment

of low-cost manufacturing (Faddoul et al. 2012). Despite of all advantages, chemicals



which are used to avoid clogging of mesh pores, have adverse effects on
environment; the resolution is limited to 100 um. Furthermore, screen printing speed
is lower compared to roll-to-roll processes (Pudas et al. 2005). Rotogravure entertains
a printing at speed of 100 m min~!, whereas screen-printing speed is limited to
30 m min~* (Faddoul et al. 2012).

2.2 Screen printing

Screenmesh (emulsion e
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«— Frame
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Fig. 2.2 Schematic of screen-printing process (Faddoul et al. 2012).

Screen printing, sometimes is referred to as serigraphy or silk screen printing.
A screen-printing process encompasses the pushing of viscous paste (5-50 Poise)
through a permeable patterned fabric screen to deposit on the substrates (Krebs et al.
2009). The main components of screen printing are namely screen comprises frame and
mesh, coater and squeegee as shown in fig.2.2. As, earlier mentioned, screen has two
parts frame and mesh; usually screen frame is made of metals such as aluminum,
stainless steel or wood. Another part, screen mesh consists of silk, nylon, polyester or
stainless steel, with mesh counts ranging from 10 to 450 openings per inch. Screen
web/mesh is mounted on a screen frame under tension (20-30 N/cm) effectively by
using suitable adhesives. Screen web/mesh mounted on a screen frame is coated with
photosensitive emulsion followed by drying for a few minutes. The film containing the
pattern is placed on the screen mesh coated with photosensitive emulsion is finally
exposed to UV light. Emulsion layer of the unexposed areas are removed and it leaves

the pattern in the screen mesh mounted on the frame.

Screen-printing process is performed in two stages, the screen-printing paste spread

over the fixed screen so that the pores in the screen web are filled with the paste.



Concurrently, the screen does not come in contact with substrate as shown in fig. 2.3

(a) and it is called flood stroke.
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Fig. 2.3 Screen printing process, (a) scheme of the flood stroke and (b) scheme of the

print stroke.

During the print stroke (fig. 2.3 (b)), the screen web contacts the substrate when
the squeegee pushes the paste through the pores of the screen mesh and deposit it onto
the substrate. Squeegees are of different shapes, such as U or V-shapes with different
hardness and materials. Usually, squeegees are made of polyurethane with hardness
shore A. The parameters like squeegee load, squeegee speed, geometry, type and
hardness of squeegee, snap-off distance, screen printing angle, screen mesh type etc.,
are play a vital role in a screen printing process. (J. Pan et al. 1999). If the squeegee
load is increased, then the squeegee speed should be decreased or vice-versa. It has
been recommended that the squeegee load and squeegee speed should be in range of 6-
9 kg and 20-50 mm/s respectively (Somalu et al. 2017). Squeegee load can be increased,
if the inks are too tacky and low thickness are needed. A study reported that squeegee
load of 5 and 9 kg was applied to obtain the metal oxide film with thickness 40 and 20
pum respectively. It revealed that thickness was decreased with increased load (Phair et
al. 2009). Snap-off distance needs to be maintained in the range of 1.5-2 mm; it can be
tuned based on the film thickness requirement. More snap-off distance has been advised

to fabricate the film with high thickness. Usually, rectangular shaped squeegee made
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up of polyurethane polymer with hardness shore-B are used to fabricate the metal and
metal oxides films. Dollen et al., revealed that films fabricated using softer squeegee
(60 durometer) with lower squeegee speed (2.54 cm/s) possessed accurate dimensions
compared to the films obtained by using harder squeegee ( 80 durometer) with higher
speed (5.58 cm/s) (Von Dollen and Barnett 2005). Yttria stabilized zirconia (YSZ) films
with thickness (23-100 um) were processed using screen printing parameters such as
squeegee pressure (0.3 MPa), printing speed (150 mm/s) and snap-off distance (2.0
mm) (Muicke et al. 2014). Somalu et al., produced nickel-scandium stabilized zirconia
(Ni/ScSZ) anode films with thickness 10 um, by using squeegee speed, squeegee load
and snap-off distance of 20 mm/s, 6 Kg and 2.0 mm respectively (Somalu et al. 2012).
Above-mentioned results confirm that thickness of films can be tuned by varying the
screen-printing parameters mainly squeegee load and squeegee speed. From the
viewpoint of film quality, it is concluded that lower squeegee speed improves the
surface levelling of the screen-printed films by providing ample time for the ink to flow,
particularly for the high viscous screen-printing inks (Somalu et al. 2017). Screen mesh
made of nylon, polyester, and stainless steel with mesh number range from 300 to 600
are used. Screen mesh with high mesh number is preferred, when the sharp edge lines
need to be printed. Sharp edged lines with 100 um width or freckle of 70 um on glass
substrates for electronic application, can be printed successfully by using 400 mesh
number stainless steel web under the tension of 20 N/cm, whose thread diameter is 18
um and mesh pore size of 45 um and tension of the mesh (Karaguzel et al. 2009).
Recently, silver (Ag) films used for silicon solar cell applications were fabricated using
screen mesh of different mesh no. 300, 325, and 400. This study suggested that selection
of silver screen printing inks was more important than the mesh- type and mesh number

to obtain high resolution of the printed patterns (Thibert et al. 2014).

2.3 Formulation of screen-printing inks

Screen printing inks are made of three main components, (i) the functional
material, (ii) the organic vehicle and (iii) additives such as a promoter and a dispersant.
The functional materials mixed into the solution consist of organic vehicle and additives
using hand mixer. Nano- or micro-sized particles of various class of materials such as

metal, metal oxides, graphene, polymers, nitrides, hydrides can be served as a
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functional material (Do et al. 2003; Faddoul et al. 2012; Joseph et al. 2016; Mbarek et
al. 2006). Solid loading of the functional material is in the range of 60-70 wt. % of
screen-printing inks. In order to fabricate the pattern with minimum defects, functional
particles with size lesser than 3 pum are used. In order to develop, a high conductive
screen-printing ink, metal particles of gold (Au), platinum (Pt), silver (Ag), copper
(Cu), nickel (Ni) palladium (Pd), or mixture of these particles etc. were used as
functional material. The sintering of the Cu and Ni particles were carried out in inert or
reducing atmosphere, to avoid oxidization. In addition to this, non-metallic materials
such as carbon, graphite, graphene, polyaniline etc., were also used as functional
materials of conductive screen-printing inks (Gallo Stampino et al. 2010). Conductive
particles-based screen-printing inks were employed in fabrication of conductive
circuits, electrodes for TFTs, supercapacitors, electrochemical devices etc. Based on
functionality requirement various metal oxides such as ZnO, WOs3, ITO, SnO,, BaSnOs,
NiO, etc were printed by using screen printing technique. Screen printed metal oxide
films have potential applications in various fields such as gas sensing, photovoltaic,
solid-oxide fuel cells (SOFCs), TFTs, catalytic activities, energy storage devices, bio-
Sensors etc.

Process such as particle wetting, formation and adhesion of film on the substrate
results from the main element of the screen-printing ink i.e., the vehicle. It comprises
of organic binders and solvents. It contributes dispersion stability and rheological
behavior. Organic vehicle should possess not only chemical inertness but also its
decomposition temperature should be lower than the softening point of additives and
melting point of the functional micro/nanoparticles (Wang et al. 1994). Traditionally,
solvents used in the screen-printing inks are terpineol, texanol, diethyl glycol,
diethylene glycol, methyl ethyl ketone, N,N’-dimethylpropyleneurea, N-methyl-2-
pyrrolidone, glycol ethers (propylene and Di-propolyene),butyl carbitol, carbitol
acetate, butyl carbitol acetate, acetone, cyclohexane, epoxy and phenoxy resin, etc
(Xiao 2001). Nowadays, water as an eco-friendly solvent is used in order to overcome
the adverse effects on the environment, raised by the use of previously mentioned
solvents. Solvents dominate over the wetting and drying behavior of formulated screen-
printing inks. Defects such as cracks, pores, unfilled area in the patterns arises due to

the fast-drying behavior of the screen printing inks, whereas slow drying behavior
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makes the printed pattern wet for a longer time, resulted into problems such as loosing
accurate dimensions, phase separation and difficult in handling. Binder is the main
ingredient of the screen-printing ink, which improves the particle network, prevents
defects and enables the adhesion of ink on the substrates. Some of the long-chain
molecular organic compounds used as an organic binder in screen printing inks are ethyl
cellulose, carboxy methyl cellulose, butyl cellulose, polyvinyl acetate, polyvinyl
butyral, etc. During formulation of screen-printing inks, the irritant and volatile organic
compounds (VOCs) solvents are preferred more than the water, because water-based
screen-printing inks are less stable and dry very quickly. Rane et al. prepared the
organic vehicle made of ethyl cellulose (binder) and butyl carbitol (solvent) to
formulate silver screen printing inks (Rane et al. 2003). Ethyl cellulose and terpineol
were mixed to obtain organic vehicle, and this organic vehicle was added to
nickel/scandia-stabilized-zirconia powders for the fabrication of anode of the SOFCs
(Somalu and Brandon 2012). Organic vehicle obtained from the mixing of methyl
cellulose in water, facilitates the formulation of water based silver screen printing inks
(Liang et al. 2016). Nearly, 20-45 wt.% of screen-printing inks are comprised with
organic vehicle. Rheology properties of inks can be tuned by varying the quantities of
binder and solvent. Usage of non-degradable binder and non-polar solvents lead to the
production of toxic compounds, which may cause adverse effect to the environment. In
order to overcome this problem, usage of bio-degradable binders and polar solvents
should be encouraged (Liang et al. 2016). S. Merilampi et al, studied the adhesion
properties of screen-printed films using silver inks obtained from vinyl chloride and
polyester resin-based solvents, where adhesion of film on the substrate was influenced
by the organic vehicle. Screen printed films obtained from the vinyl chloride-based inks
showed an adhesion classification of 4B and 5B on Pl and PET substrates respectively.
Whereas adhesion on films from polyester resin-based ink designated as 3B and 4B on
Pl and PET substrates (Merilampi et al. 2009).

Additives comprises of inorganic binder and dispersants, which enhance the
functionality of the inks during screen printing and sintering. An inorganic binder is
added when sintering is going to be happening at high temperature. It behaves as an
adhesion promoter and activates the sintering process at lower temperatures. Nowadays

glass frits, mixture of bismuth, alumina, magnesium, zinc oxides, sodium and calcium
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carbonates are used as an inorganic binder (Hashimoto et al. 2002). Densification and
adherence of thick films can also be achieved without inorganic binder. Dispersants are
long-chain molecules, which are known as additives in the screen-printing inks. It
stabilizes the particles by ensuring the repulsive forces between particles and also
enhances the long-term stability of formulated inks. Commonly used dispersants are
phosphoric acid ester, pentastearic acid oligomer, polyethylene glycol, and alcohol
polyoxyethylene. Solid loading of the additives in the screen-printing inks varies from
3-5 wt. %. Glass frits were added in the SnO; screen inks, where mechanical strength
of the films were improved, but the conductivity of the films were affected. (Viricelle
et al. 2005). Hypermer KD15 was used as a dispersant in the nickel/scandia-stabilized-
zirconia screen printing ink (Somalu and Brandon 2012). Importantly, screen printing
inks should have two contradictory requirements in screen printing. One is that the ink
should flow otherwise causes local starvation of ink leads to phenomenon called mesh
marking and surface imperfections (Aleeva and Pignataro 2014). On the other hand, ink
should not run unnecessarily since it leads to expansion of the width of lines (Vest
1986). Ink properties such as, viscosity, colloidal properties, particle size distribution
and surface tension effect on printed characteristics. Moreover, deposited film quality
depends on the substrate characteristics (surface energy, porosity, roughness) and
compatibility with the inks. Lower surface energies of the substrates improve the
screen-printing resolution (Liang et al. 1996). The printed characteristics such as aspect

ratio of the printed pattern is controlled by the viscosity (Lin et al. 2008).
2.4 Rheological properties of screen-printable ink

The quality and characteristics of the screen printed films depend on the various
factors which include fingerprinting settings, screen parameters, rheological properties
of inks, substrate preparation etc., (Goldberg et al. 1994; Rudez et al. 2015). Unlike
other factors, rheology of inks cannot be adjusted during the screen-printing process
and also impact the printing definition of the films. Therefore, optimization of
rheological properties is necessity for the fabrication of good quality films. As well-
known that the screen printing inks usually consist of three components, the functional

material, organic vehicle (organic binder and solvent) and additives (Rudez et al. 2015).
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Rheology of inks can be understood by evaluating the steady and dynamic properties

using the three tests; steady-state, oscillation, and creep-recovery.

The steady-state test is performed to study the properties such as viscosity, yield
stress and thixotropy. Viscosity is one of the steady state rheology properties and
depends on the percentage of functional material and/or binder. Ried et al., proposed
that metal oxide inks possessed viscosity in the range of 5- 15 Pa. s, at shear rate of 100
st, was suitable screen-printing techniques (Ried et al. 2008). Liang et al., fabricated
the silver electrodes for the TFTs with high aspect ratio using the water-based silver
screen printing inks with viscosity in the range of 2-10 Pa.s at a shear rate of 200 s
(Liang et al. 2016). Viscosity of the screen-printing inks increases as the composition
of the functional material and/or binder in the screen-printing inks are increased.
Viscosity of the Ag inks increases from 0.7 to 5.5 = 1.4 Pa.s under shear rate of 100 s
1 when the Ag content increases from 67 to 75 wt. %. Similar trend was also found that
as the content of Ag nanowires increased from 6.0 to 7.3 wt.%, the viscosity also
enhanced from 2 to 10 Pa.s at a shear rate of 200 s (Faddoul et al. 2012; Liang et al.
2016). Yield stress is a steady state property and it is defined as a minimum stress at
which elastic solid-like behavior of the ink’s changes to liquid-like behavior. It gives
information about the strength of the particle network and elasticity of the inks.
Normally, inks with high viscosity due to the improved particle network strength,
possess high yield stress. Faddoul et al. determined the yield stress using Hershel-
Bulkley model for the formulated water based silver pastes, was found to be in the range
of 36-508 + 31 Pa and also revealed that yields stress increased with increasing Ag
content in the inks (Faddoul et al. 2012). Therefore, the yield stress of the inks greatly
depends on the composition of the ingredients such as functional materials, binder,
solvents and additives. Thixotropy is a time-dependent shear thinning property of
viscous fluids. Any fluid will be over flown with decreasing viscosity, when it is
subjected to an applied stress and takes a certain time to recover its original viscosity
are known as thixotropic fluid. This property greatly influences on the dispersion of the
ink on the substrate and surface levelling of screen-printed films. Terpineol based metal
oxide anode inks with functional materials and binder content 20-26 % and 0-2%
respectively, showed the poor thixotropic properties and concluded that formulated

anode inks were not suitable for screen printing (Somalu and Brandon 2012). Further,
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water based gadolinia doped ceria screen printing inks with hydroxy cellulose binder
exhibited poor thixotropic properties and resulted into the cracked films due to the low

particle network structure (Sanson et al. 2010).

Viscoelastic properties of inks are studied using the oscillation test, while the
creep-recovery test is carried out to understand the slump characteristics of inks
(Somalu and Brandon 2012; M. R. Somalu et al. 2013). Elastic/storage (G’) and
viscous/loss (G") moduli are the two components, which interprets the viscoelastic
properties of inks. The elastic modulus and viscous modulus provide information on
the solid-like and liquid-like properties of the ink, respectively. Generally, ink with a
high elastic modulus (a high resistance to separation and slumping) is known as a well-
structured ink, and high viscous modulus ink is known as an in-elastic one (Durairaj
2006). For emulsions, pastes, gels, slurries and dispersions, complex modulus (G*) is a
measure of material’s resistance to deformation. Complex modulus is a ratio of applied
stress (7o) to the maximum strain (Y’) and is shown in equation 2.1. Complex modulus
can be resolved into elastic and viscous components and are called as storage modulus
or elastic modulus (G') and viscous modulus or loss modulus (G"). Mathematically,

components of complex modulus are denoted in equations 2.2 and 2.3.

+ — To
G =2 (2.1)
G' = G*Cosd (2.2)
G = G*Sind (2.3)

The complex modulus (G*) and phase angle (8) can be written in terms of storage
modulus and viscous modulus as shown in equation 2.4 and 2.5 and can be correlated

to the structure of screen printing ink and its printing (Barnes et al. 1989).
G*=G'+iG (2.4)
tans = & (2.5)

It is expected that phase angle (8) of the formulated inks with good printability should
lies in between 30° - 50°. However, it is revealed the magnitude of G' and G™ confirms
the printability of the formulated inks than the phase angle () (Durairaj et al. 2006).
Ink with very high G' value may require high squeegee pressure and slower printing

speed and get struck during print stroke. On the other side, ink with large G" results in
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slumping and ink bleeding (M. R. Somalu et al. 2013). Further, the fingerprinting
parameters which affect the quality of the films such as speed, angle, geometry of
squeegee, snap-off distance, squeegee pressure, dwell time between flood and print
stroke, etc. (Phair et al. 2009). An intensive understanding of both rheology of ink and
screen-printing parameters are essential to fabricate high-quality films.

The magnitude of G' and G" helps in determining the linear viscoelastic region
(LVR) of formulated inks. LVR is defined as a region under which the formulated inks
retain its particle network strength when it is subjected to the applied stress. It gives the
information about the minimum applied stress required to destroy the particle network
strength is called as cross-over point. Ratio of G"/G" as a function of applied shear stress
indicates the viscoelastic behavior of the inks. If the ratio is < 1 then, the inks possess
linear viscoelastic behavior under the particular applied stress and suitable for printing
process. When it goes beyond the unity (>1), then liquid-like structure dominates the
solid-like structure and makes it unsuitable for the printing process. It is demonstrated
that cross-over point of the conductive formulated ink with 67 % Ag loading found at
42 £+ 9 Pa, which was lower than the ink with 72 % (492 + 39 Pa) and 75 % (7512
586) Ag loading (Faddoul et al. 2012). Screen printing ink consisting of mixture of
metal oxides (NiO/Sc.03/Ce02/Zr0,), terpineol, ethyl cellulose and Hypermer KD15
as functional material, solvent, binder and dispersant respectively were formulated for
the fabrication of SOFCs electrodes. With increasing the vol. % of functional loading
from 20-34, cross over point of inks also shifted from 100 to 200 Pa (M. Somalu et al.
2013). It is noted that minimum the applied stress at which the particle network strength
of inks destroys, increases with increasing solid loading. Table 2.2 shows the different
formulated silver screen printing inks consisting of various organic vehicle and

additives.
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Table 2.2 Summary of different formulated silver screen printing inks consisting of various organic vehicle and additives.

Functional Material Organic Vehicle Additives Curing conditions Results Reference
Morphology  Particle Particle Solvent Binder Curing Curing  Resistivit
size loading Temp. Time y
(m)  (Wt%) (°C)  (Min)  (ue-cm)
Nanoparticle 0.2 77 Ethylene glycol  Polyacrylic acid - 200 30 55 Hyun et al. 2015
Flakes 3 70 Ethylene glycol  acrylic polymers  "Hydropalat -216 875 60 3 Faddoul et al. 2012
+ glycerol #Foamaster -8034
Nanoparticle  0.05-0.1 80 Pb-frits 450 15 4 Park et al. 2008
Microparticle 2 70 Ethylene glycol *Hydropalat 216 700 15 6 Faddoul et al. 2012
+glycerol #Foamster 8034
Microparticle 3-5 60-70 Glass frits 850 15 15 Songping 2007
Microparticle <5 70 Vinyl chloride - 120 30 19 Merilampi et al. 2009
Nanoparticle 0.08 60% Diethylene - - 200 60 33 Yin etal. 2008
glycol + water
Nano wires 500 (L:D) 6.6% Water Hydroxypropyl #Defoamer MO- 150 15 21 Liang et al. 2016

methyl cellulose

2170

*Dispersant agents

#Anti-foaming agents
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2.5 Synthesis of functional materials

For the synthesis of nanoparticles, two types of approaches are available, they
are top-down approach and bottom-up approach. In the top-down approach, the
materials in bulk size are reduced to nanoscale by the means of physical, chemical or
mechanical process. The physical method requires high temperature, vacuum and
expensive instruments. Examples of top-down methods are mechanical grinding, ball
milling, chemical etching, electro -explosion etc. In the bottom-up approach, the atoms
or molecules are the starting material to synthesize nanoparticles. Examples of bottom-
up approach are conventional solid-state reaction, polyol, hydrothermal, sol-gel,
solution combustion synthesis, chemical co-precipitation, microwave, emulsion
method, etc (Hornyak et al. 2008).

2.5.1 Polyol method

Polyol process is a unique soft chemical method and largely employed for the
synthesis of wide variety of the nanoparticles (mainly monometallic and bimetallic)
which have huge demand in the technological fields. In the late 80’s, researchers
namely Fievet, Lagier, and Figlarz established a liquid phase synthesis technique to
prepare metal nanoparticles from their salts, hydroxides, oxides etc. using polyols and
termed as polyol process. In this process, polyols such as ether glycols and 1,2 -diols
act not only as a solvent for the metal salts but also serves as a reducing agent. Polyols
being used as a medium of the nanoparticles synthesis offer some advantages such as
(1) polyol protects the synthesised reactive metal nanoparticles from the oxidation, (ii)
high boiling point of polyols allows synthesis to be performed at high temperature, to
obtain well crystallized materials. Researchers demonstrated the synthesis of high
crystalline nanoparticles of noble metals (Au, Pd, Ag), readily reducible metals (Cu),
and less reducible metals (Ni, Co, etc.,) using polyols without subsequent heat
treatment, hence further energy consumption was avoided. This process grabbed the
attention of many companies, for example: In 90°s the Eurotungstene company started
the synthesis of Ni and Co metal particles on a large-scale using polyol. In 2007,
SEMCO adopted the polyol to prepare polymer-stabilized Ag nanoparticles for the
production of water-based silver inks to be utilized in the screen printing and inkjet

printing.
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Different steps are involved in the synthesis of nanoparticles using polyol
method; (i) the dissolution of metal salts in the polyols before or during the heating, (ii)
dissociation of precursor to from cations reservoir, (iii) the formation of nuclei and (iv)
successive growth of nuclei to form nanoparticles. Metal cations obtained in the
polyol’s solvents are reduced to metal atoms. These reduced metal atoms arbitrarily
move and collides the metal cations or other reduced atoms present within the solution
and lead to the formation of clusters. Due to repeated collision of cations, atoms and
clusters, development of nucleus happens, when the developed nucleus achieved a
critical size, nanoparticle is formed. There are two theories cover best about
aforementioned mechanism are thermodynamics and kinetic rate. Thermodynamics
explains the formation of nuclei i.e., nucleation. The overall free energy (AG) change
required to form the spherical particles is the total sum of free energy due to new volume
formation (AGy) and surface free energy (y) of new surface generated and it is shown in

equation 2.6.
AG = —Srrr3AG,, + 4mr?y (2.6)

The critical nuclei size " can be obtained by equating d(AG/Adr) =0 and it is shown in
equation 2.7. The developed nucleus with radius r > r” will be grown to nanoparticles

or else nucleus will be dissolved (r > r").

o2
= 1 (2.7)

After the formation of nuclei, its growth and disappearance phenomena can be
explained by Kinetic rate theory. Foremost, Continuous growth of nuclei to form
nanoparticles happen either via molecular addition, secondary growth or Ostwald
ripening. In molecular addition, growth of nuclei to nanoparticles are taken place by the
continuous aggregation of metal atoms on the nuclei surface. In secondary growth,
nanoparticles are obtained by the agglomeration and collision between particles. During
this growth, possibility of obtaining large particles is more, because relative rate of the
secondary growth is higher than molecular addition. The process in which, large sized
particles (r > r*) are continued to grow larger and to form nanoparticles, whereas small
sized particles (r < r*) are dissolved, which is known as Ostwald ripening. In summary,

relative rate of nucleation and growth influence the size of the metal nanoparticles
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formed. Including polyols, initial elements such as metal salts, reducing agents and
stabilizers also influence the relative rate of nucleation and growth. When the polyol is
not having sufficient reducing power, then the auxiliary reducing agents need to be
added. For example, high nucleation rate during metal reduction process can be
obtained, when reducing agent with strong reducing power is employed, and finally
smaller nanoparticles can be synthesized. In addition to the above-mentioned
parameters, operating conditions such as reaction time, and temperature also play a vital
role in the synthesis of metal nanoparticles.

So far, the synthesis of Ag nanoparticles (NPs) by facile polyol process was
reported in several literature. In the first report, quasi-spheric and mono-disperse silver
particles obtained in ethylene glycol (EG), when the AgNO3 and PVP were used as
metal precursor and stabilizers. It was also observed that particle size and yield
increased with increasing PVP/silver nitrate weight ratio and reaction temperature.
PVP/silver nitrate weight ratio of 1:1 yielded 91 % of particles with size of 0.37 um at
reaction temperature 160 °C whereas, weight ratio of 1.2:1 offered particles of size 0.81
pm with 93 % vyield at reaction temperature of 180 °C (Ducamp-Sanguesa et al. 1992).
Sun et al. synthesised cube-shaped Ag NPs from the silver nitrate using ethylene glycol
and PVP stabilizers. It is also found that reaction temperature, concentration of AGNO3
have influence on the size of the synthesised Ag particles (Sun and Xia 2002). Benjamin
et al. used AgNOs, ethylene glycol and PVP as a metal precursor, solvent and reducing
agent and the stabilizers respectively, for the synthesis of the truncated pyramid shaped
Ag NPs with edge length varying from 75-150 nm (Schuette and Buhro 2013).
Microwave assisted polyol method was adopted to synthesis Ag nanowires of diameter
in the range varying from 45 nm to 200 nm in 3 min using ingredients such as ethylene
glycol as a solvent, silver nitrate as metal salt, sodium bromide (NaBr) as auxiliary
reducing agent and PVP serves as a capping agent. The size, shape and yield of
nanoparticles was controlled by synthesis parameters such as microwave power,
PVP/AgNOs molar ratio and concentration of NaBr (Yi et al. 2017). Fereshtah et al.,
investigated the influence of different polymers on the size and morphology of Ag NPs.
It was found that three different polymers such as polyvinylpyrrolidone (PVP),
polyvinyl alcohol (PVA), and polyethylene glycol (PEG) were used as a both stabilizers

and solvent along with metal precursor, AgNOs and reducing agent, sodium
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borohydride (NaBHa), where the reaction temperature was maintained at 160 °C for 4
h. Size of Ag particles synthesised using PEG polymers were smaller (352 £ 20 nm)
than particles obtained using other polymers PVP and PVA. By the incorporation of
strong reducing agent NaBHj4 to solution of PEG and AgNOs3, the size of the synthesised
particles were reduced from 352 + 20 nm to 220 + 30 (Fereshteh et al. 2016). Tolaymat
et al., documneted the different Ag precursor used in the synthesis of silver
nanoparticles systematically and almost 83 % literature reported that silver nitrate
(AgNO3) emerged as a most widely used salt precursor (Tolaymat et al. 2010). The
reasons behind the use of AgNOs are: low cost and less chemical stability compared to
other silver salts. During synthesis of Cu NPs via polyol method, there is a possibility
of formation of the copper oxide particles than the Cu particles, in order to overcome
this problem, synthesis should be carried out in inert gas atmosphere and auxiliary
reducing agents are employed. Commonly used reducing agents are sodium
phosphinate (NaH2PO2.H20), sodium borohydrides (NaBHa), ascorbic acid (CsHgOs),
trisodium citrate (NasCsHsO7), potassium bromide (KBr), hydrazine (N2H4) etc. Park
et al., studied the influence of concentration of the reducing agents on the size of
synthesized Cu nanoparticles using polyol method. It is found that copper sulfate,
diethylene glycol, PVP and NaH2PO..H-O served as metal precursor, solvent, stabilzers
and reducing agents respectively. Size of synthesised Cu nanoparticles was decreased
from 72 £ 17 nm to 54 + 14 nm, when the concentration of reducing agent was increased
from 12.75 mmol to 19. 10 mmol respectively (Park et al. 2007). The synthesis
conditions and observed results for the different metal NPs prepared via polyol method

are reported in Table 2.3.

Moreover, from the point of both scientific and technological views, controlled
synthesis of bimetallic nanoparticles (BMNPs) via polyol method has grabbed great
attention of researchers than monometallic, due to their different morphologies and
change in electronic structure. BMNPs exhibit distinctive properties in applications
such as electronics, catalysts, bio-medical, optical etc. For example Au-Ag alloy NPs
exhibit excellent antibacterial activity against Gram+ bacteria Staphylococcus aureus
than the monometallic particles Au and Ag (Ramakritinan et al. 2013). Ag-Cu
bimetallic nano-alloy have potential applications in printed electronics, lead-free inter-
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connects, catalysis, dental amalgams, antibacterial coatings, heat transfer fluids etc
(Ferrando et al. 2008). Other than the polyol process conditions, parameters such as
relative strength of metal to metal bond strength, atomic size and structure of elements
have prominent influence on processing of the four different integrated patterns of
BMNPs; (i) random alloy NPs, (ii) core-shell NPs, (iii) multi-shell NPs, and (iv) sub
clusters NPs (Ferrando et al. 2008).

Tsuji et al., adopted microwave assisted polyol method to synthesis AU@A(g
core shell NPs. It was found that AGQNO3z and HAuCIl4 were used as respective metal
precursors, whereas PVP and ethylene glycol served as a stabilizers and solvent
respectively. Here, different shapes of Au core (50 nm) such as triangular, square,
pentagonal was found inside the triangular, square shaped Ag shell (Tsuji et al. 2006).
Au@Cu core-shell NPs were prepared via microwave assisted polyol two-step
reduction method. Firstly, Chloroauric acid (HAuCls) precursor was dissolved in
ethylene glycol (EG) and heated at 198 °C for 1.5 min, cooled colloidal solution was
centrifuged at 15,000 rpm for 30 min using ethanol to obtain Au seeds. Again, Au seeds
dispersed in the EG was added into the solution of PVP and EG which was heated at
175 °C, followed by injecting the solution of Cuz2(OAc)s and EG at a rate 0.3 mL/min.
Then the solution was kept undisturbed for 5 min after addition of all reagents. Mixture
of triangular, square, rhombic, pentagonal shaped Au@Cu NPs were obtained under
normal atmosphere (Tsuji et al. 2010). Jiang et al., synthesized the Ag-Cu BMNPs via
polyol method aiming towards the application such as lead-free interconnect material.
In this study, two solutions of PVP and Cuz(OAc)4 in 20 ml of EG were transferred into
another vessel which was under the purged N2 atmosphere and this solution was heated
to 175 °C for 20 min. Afterwards the solution of AgNOz and EG was added into the
heated solution and left for 5 min. UV-visible spectroscopy confirmed that synthesized
NPs were of Ag-Cu alloys with size varying from 100-120 nm, rather than a blend of
Ag and Cu monometallic particles (Jiang et al. 2005). Tsuiji et al., synthesized the Ag-
Cu bimetallic NPs with various AgNO3z/Cu(OAc). molar ratio using polyol technique
at reaction temperature of 175 °C under argon atmosphere. Ag-Cu bimetallic NPs with
average size of 406 + 80, 81 + 20, 144 + 85, 173 + 48 nm were obtained, when the

precursors molar ratio was 2, 1, 0.5 and 0.25 respectively (Tsuji et al. 2010). Bonet et
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al., studied the effect of different precursor on the type of Ni-Cu BMNPs. In this study,
Ni-Cu random alloy NPs of size 100-300 nm were synthesised from suspensions of
copper carbonate and nickel carbonate in ethylene glycol after the reaction time 39 h
at 140 °C, whereas solution of copper nitrate and nickel nitrate in ethylene glycol
exhibited the Cu core and a nickel shell BMNPs of size 140 nm at reaction temperature
196 °C for 4 h (Bonet et al. 2003). Table 2.4 summarizes the characteristics of the main
bimetallic NPs synthesized by the polyol method.
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Table 2.3 A summary of metal salts, reducing agents, stabilizers, solvents during synthesis of metals NPs synthesis via polyol method.

Au nanoparticles

Metal salt Reducin Reaction Size
g Stabilizer / surfactant Solvent temp. Shape Reference
precursor agent (°C) (nm)
Chloroauric acid Ethylene Multispiked
(HAUCLY) glycol NaOH Ethylene glycol R.T nanoparticles 75 Nalawade et al. 2012
Ethylene poly(diallyldimethylammonium) .
HAuUCI, glycol chloride (PDDA) Ethylene glycol 195 Octahedra 50 Li et al. 2008
HAUCI, E;mi':e PDDA, HCI Ethylene glycol 195 Octahedra 60-320 Li et al. 2008
Ethylene .
HAuUCI, glycol PDDA, NaOH Ethylene glycol 195 Octahedra 20 Li et al. 2008
HAUCL Di-ethylene PP Di-ethylene 240 Decahedra, truncated 50-100 Seo et al. 2008
glycol glycol tetrahedra
1,5- :
HAuCI, ’5 . PVP/AgNQO; 1,5-Pentanediol 240 Polyhedra 64-140 Seo et al. 2006
Pentanediol
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Ag nanoparticles

Metal salt Reducing agent Stabilizer / Solvent Reac“?“ Shape Size (nm) Reference
precursor surfactant temp. (°C)
Silver nitrate Ethylene glycol PVP E;T;’lzr;e 160 Spheres 10 T. Zhao et al. 2010
Truncated

. . Ethylene .

Silver nitrate Ethylene glycol PVP veol 148 cubes and 20-80 Wiley et al. 2004
gy tetrahedrons

. . Ethylene .
Silver nitrate Ethylene glycol, PVP glycol 160 Polyhedrons 175+ 13 Y. Sun and Xia 2002

. . Ethylene glycol, Ethylene . Dia. 16-22 nm &

I PVP 1 N L l. 201
Silver nitrate NaOH. KBr glycol 60 anowires 20 mm long ee etal. 2016

. . . Ethylene Triangular Length 25 nm & .
Silver nitrate Ethylene glycol polyacrylamide glycol 135 nanoplates 10 nm thickness Xiong et al. 2007
Silver nitrate Ethylene glycol PVP Ethylene 180 Nanowires 2.2-11.4umlong  Schuette and Buhro 2013

NaCl glycol

. . . 1,2- . .

Silver nitrate 1,2-PD/toluene Dodecanethiol 188 Nanowires <50 um long Viau et al. 2003
PD/toluene
PVP Spheres 80-100 nm
Silver nitrate Ethylene glycol + NazS (1 mM) Ett:y(l;r:e microwave Cubes 70-90 nm Liuetal. 2016
+ NazS (1 mM) gy Nanowires 60-100 nm
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Cu nanoparticles

Metal salt Reducing agent Stabilizer / Solvent Reactlgn Shape Size Reference
precursor surfactant temp. (°C)
Sodium .
Copper (11) phosphinate (pvp) ~ Diethylene 200 & 140 spheres 53+ 13nm & B. K. Park et al. 2007
sulfate glycol
monohydrate 48 £ 8 nm
Ethylene .
Copper acetate ethylene glycol Tween 80 glycol 190 spheres 36 + 8 nm Ramyadevi et al. 2012
Copper oxides D-sorbitol PVP E;T;/lzTe 195 Spheres 0.46 - 4.23 um Fievet et al. 1993
Ethylene
Copper sulfate NaOH/NaBH, PVP glycol R.T. (N2 atm.) Spheres 1.4-3.1nm Zhang et al. 2009
) Ethylene
Copper chloride NaOH - glycol 185 (N atm.) Spheres 2.3+0.8nm Zhang et al. 2014
. Di-ethylene .
Copper chloride  NasCgHsO7/ NaBH4 - glycol 100 (N2 atm.) Spheres 20+ 3 nm Kind et al. 2012
Copper nitrate - PVP Ethylene 160 (N2 atm.) Nanowires Dia. 30-50 nm Zhao et al. 2012
glycol & 20 mm long
Copper .(”) L-ascorbic acid Polyethylene Ethylene 80 Spheres 150 nm Zhang et al. 2014
hydroxide glycol glycol

R.T.-Room temperature
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Table 2.4 Synthesis parameters and observed results of the different bimetallic NPs prepared via polyol method.

. Stabilizer / Reaction Bimetallic Size
Metal salt precursor Reducing agent surfactant Solvent temp. (°C) NPs Shape (nm) Ref.
S Cetyltrimethyl
Chlo_roaurlg acid & ammonium bromide PVP Ethylene 40 Au-Ag Nanowires 70-80 Gu et al. 2009
silver nitrate glycol
Palladium (11)
trifluoroacetate Ethylene Porous coral-
& silver trifluoroacetate Ethylene glycol PVP glycol 160 Pd-Ag like structure 400 Song etal. 2015
Silver nitrate & copper
Ethylene 175 .
acetate Ethylene glycol PVP glycol (Ar atmosphere) Ag@Cu Spheres 200-250 Tsuji etal. 2010
Silver nitrate & copper Ethviene
nitrate Ammonium hydroxide PVP gli//col 160 Ag-Cu Spheres 40-150 Niknafs et al. 2017
Silver nitrate &
Ethylene 196 .
copper acetate Ethylene glycol PVP glycol (N2 atmosphere) Cu@Ag Spheres 80 Tsuji et al. 2009
Silver nitrate & copper
Ethylene 175
acetate Ethylene glycol PVP glycol (N, atmosphere) Ag-Cu Spheres 40 Yun et al. 2008
Copper carbonate & )
nickel carbonate Ethylene glycol PVP E;T;’éirlle 140 for 39 h Cu-Ni Spheres 100-300 Bonet et al. 2003
Copper nitrate & Ethvlene
Nickel nitrate Ethylene glycol PVP glg//col 196 for 4 h Cu@Ni Spheres 140 Bonet et al., 2003

- Random alloys, @ core-shell alloy
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2.5.2 Solution combustion method

In mid-80’s an unusual time- and energy-saving approach for synthesis of
nanoscale materials was invented and termed as solution combustion synthesis (SCS).
SCS is emerging as a low temperature, facile and economically feasible technique,
where sufficient heat generates during the redox reaction between the oxidizers and
organic fuel compensates the external heat needs to be supplied to synthesize oxides
with high purity and well-crystallized nanostructure. During the redox reaction,
electrons are transferred between the fuel and oxidizer; chemical energy of the fuel is
converted into heat. The number of electrons involved in the reaction decides the
intensity of redox reaction, but effective complexation of metal cations with fuel
reduces the number of electrons, which participate in the redox reaction. Fig. 2.4
illustrates the procedure involved in the SCS; (1) preparation of homogeneous solution
made of oxidizer, fuel and solvent, (2) formation of gel by heating the solution to the
temperature near or above the boiling point of solvent, and (3) combustion of gel. After
few seconds, soft and fluffy foam is obtained, which is further crushed into the powders

by simple mechanical means (Deganello and Tyagi 2018).

METAL
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WATER ADDITIVES
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1. FORMATION 2. FORMATION 3. COMBUSTION
OF THE COMBUSTION OF THE GEL OF THE GEL
MIXTURE

Fig. 2.4. Schematic illustration of solution combustion synthesis method (Deganello
and Tyagi 2018).



The components of SCS can be categorised based on the chemical composition as
follows; (i) oxidizers such as ammonium nitrates, nitric acid, metal salts including
sulphates, carbonates, nitrates, (ii) fuels serve as reducer and complexing agents such
as urea, glycine, citric acid, sucrose, glucose, carbohydrazide, acetylacetone and starch
etc. and (iii) solvents, like water, kerosene, ethanol, methanol, formaldehydes etc
(Varma et al. 2016). SCS offers phase purity materials with high reactivity and tailored
defects, which have potential applications in different fields namely energy storage

devices, catalysis, sensoristics and electronics.

The solution combustion reactions occurred in any systems (oxidizers and fuel)
can be affirmed on the basis of thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) plot of solution containing oxides, fuels and solvent. Guo
et al illustrated the combustion reaction of zinc nitrate and citric acid system, in which
zinc nitrate and citric acid were dissolved in the deionised water. Fig. 2.5 depicts the

TGA/DSC plot for the combustion reaction of zinc nitrate - citric acid system.
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Fig. 2.5 TGA/DSC curve of the zinc nitrate and citric acid precursor system (Guo and
Peng 2015).

The TGA curve showed the about 53 % and 35 % weight loss occurred in the
temperature range 200-300 °C and 480-520 °C respectively; whereas in DSC curve,
high amount of heat was released at temperature 510 °C. An intense and sudden mass

loss accompanied with heat generation was observed at temperature 510 °C, which
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affirmed that the occurrence of combustion reaction. After 550 °C, no peaks were found
in either of the curves which confirmed the formation of nanocrystalline ZnO as

decomposition product (Guo and Peng 2015).

In SCS process, structural, optical, textural and electrical properties of
synthesized metal oxides are influenced by the choice of fuel and fuel to oxidizer ratio
(F/O) ratio. Potti et al., synthesized ZnO with variable crystallite sizes (31-80 nm) and
band gap (3.13-3.25 V) using different fuels, like urea, glycine, citric acid, dextrose,
oxalyl dihydrazide and oxalic acid (Potti and Srivastava 2012). Pathak et al.,
synthesized ZnO with three fuels-glycine, citric acid, urea, where the luminance and
antibacterial properties were investigated. ZnO powders obtained using citric acid were
smaller in size and exhibited high antibacterial properties compared to the ZnO powders
synthesised using urea and glycine as a fuel. It can be concluded that antibacterial
properties are greatly affected by choice of fuels (Pathak et al. 2016). The particle size,
electrical properties and photocatalytic activity of synthesized ZnO powder by using
zinc nitrate as oxidizers and glycine as fuel with varying molar ratio of F/O. ZnO from
the F/O ratio as 0.1 and 1.7 showed electrical conductivity in order of 10~ and 10" Sm"
! respectively. Electrical conductivity of ZnO increases with increasing in the F/O molar
ratio (Naveen et al. 2013). The luminance properties of ZnO were also affected by the
molar ratio of citric acid as fuel to zinc nitrate as oxidizer (Zhao et al. 2011).

Previously sol-gel techniques were employed for the fabrication of metal oxides
films including thin and thick films, which found applications in sensors, TFTs, solar
cells etc. The steps involved in the fabrication of metal oxides using sol-gel technique
are sol-gel densification and removal of impurities; both steps require a processing
temperature nearly more than > 500 °C which is incompatible to plastic/flexible and
inexpensive glass substrates. Recently, Kim et al., reported the fabrication of metal
oxide films (In2O3, ZnSnO3z, InZnO25) at relatively lower processing temperature (<
450 °C) using the solution combustion approach. Here, precursor solutions were
obtained using indium nitrate, zinc nitrate and tin chloride as metal salts with
ammonium nitrate as an oxidiser, acetylacetone or urea as a fuel and 2-methoxyethanol
as a solvent. Prepared solutions were spin-coated on the silicon wafers followed by
annealing at 150 — 450 °C for 30 min. The formation of high crystalline metal oxides

(In203, ZnSn0Os3, InZnO2.5) on silicon substrates through the combustion precursor was
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confirmed by XRD and XPS (Kim et al. 2011). Chaudhary et al., developed the pristine
and La-doped ZnO screen printed films using the viscous combustion precursor. In this
study, zinc acetate dihydrate and lanthanum trinitrate used as a metal precursor was
dissolved in the solution made of ethylene glycol (solvent and binder) and
manoethanolamine (fuel and stabilizer). The obtained solution was deposited on the
glass substrates using screen printing and printed films were subjected to two-step
annealing process first at 100 °C for 1 h which was followed by 500 °C for 10 min.
XRD revealed the formation of nanocrystalline pristine and La-doped ZnO screen

printed films with no secondary phases (Chaudhary et al. 2018).

2.6 Semiconducting metal oxide for gas sensing applications

With the rapid and massive development of urbanization and industrialization in the
past few decades, mainly by chemical, fertilizers, pharmaceuticals, explosives,
pesticides, cosmetics, fabrics and petrochemical industries severely contributed to the
air pollution. Health-related problems, causalities and property damages due to leakage
and explosion become a big threat to the survival of living creatures. Exposure to small
concentrations of gases causes irritation, which effects over eyes, nose, mouth, throat,
etc. Serious health problems like dyspnea, pulmonary edema, long-term respiratory
system disorder and even death may cause with exposure to high concentrations of
gases (Liu etal. 2015; Pang et al. 2014). Higher concentrations of gases can be detected
by smell because each gas have unique odours. But the human nose fails to detect a
lower concentration of vapours and also to quantify the gas concentration. Hence it is
extremely important to develop highly sensitive and reliable gas sensors able to trace
low concentration of gases with low-cost. So, potent and real-time detection of the toxic
and damaging gases using gas sensors at low cost, versatility with production, user-
friendly and ability to detect a wide range of gases are needed (Barsan et al. 2007).
Semiconductor metal oxides based conductometric gas sensors have dragged the great
attention around the globe, because of its high gas response, less-toxic, good selectivity
and portability (Wang et al. 2010).

2.6.1 Undoped metal oxide
Many researches have been observed that the reversible interaction between the

surface of a solid-state material and gas is a characteristic of gas sensors. These solid-
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gas interactions can be detected by measuring the change in resistance, work function,
capacitance, optical characteristics etc.; are recorded via electrodes, transistors,
thickness mode transducers, diode arrangements and optical arrangements. Synthesized
particles with different size and morphology, are processed in the form of pellets, thin
and thick films, which are employed as a functional layer of gas detecting devices. Over
the past decades, gas sensors have been classified based on the different sensing
measurement methods and materials. Korotcenkov has classified the gas sensors based
on the different measurement method and materials, such as electrochemical, thermal
conductivity, catalytic combustion, infrared absorption and semiconducting metal
oxide (SMO) gas sensor. Table 2.5 shows the comparison of classified gas sensors with

respect to different parameters (Korotcenkov 2007).

Table 2.5 Comparison of performance of the different types of gas sensors
(Korotcenkov 2007).

Types of gas sensors

Parameters Electro- Thermal Catalytic Infrared

chemical conductivity combustion absorption SMO
Sensitivity B D B A A
Accuracy B B B A B
Selectivity B D D A C
Response Time C B B C A
Stability D B B B B
Durability C B B A B
Maintenance B B A c A
Cost B B A C A
Suitability to portable D B B D A
Instruments

A: Excellent, B: Good, C: Fair, D: Poor

The SMO gas sensor has advantages such as high sensitivity, easy maintenance, low
cost and simplicity in function. In addition to this, versatility in various sensor
architecture and ease integration with other components of the gas sensing devices
makes the SMO gas sensors better than the other gas sensors as shown in fig 2.6. A

SMO gas sensor is chemisresistive type sensor in which modulation in electrical
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resistance of sensing layer is observed upon interaction with analyte gases. In this,
sensing layer is positioned on the insulating substrates between two high conductive
electrodes (commonly Au, Pt, Ag). It is also possible to use a SMO in the form of
compressed pellet with sintered metal electrodes for the gas sensing measurements (fig.
2.6 (a)). Monica et al., fabricated sensors to detect the water and oxygen adsorption on
tin oxide (SnOz), where powdered tin oxide was positioned between the concentric
tantalum cylinder electrodes (fig. 2.6 (b)) (Caldararu et al. 1996). Gas sensing devices
consist of sensing materials, which are deposited as a thin or thick film on substrates
(fig. 2.6 (c-f)). Sensing materials can be fabricated on the substrates either above or

beneath the two metallic electrodes.

Ceramic type sensors

») B 4—

(@) (b) (©)

Planar type sensors

. electrode material

D sensing material

Fig. 2.6 Reported gas sensor geometries with different topologies of electrodes
(Korotcenkov 2007).

The working principle of SMO gas sensors depend on the increase/decrease in
electrical resistance of SMO in the presence of analyte gas, while retaining its original
resistance in the absence of analyte gas. Electrical resistance of the SMO may decrease
or increases upon exposure of analyte gas depending on the dominant charge carriers

and type of gases as shown in Table 2.6. Gas sensing mechanism of n-type
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semiconductor such as ZnO is described here. Under ambient conditions, adsorption
of atmospheric oxygen on the gas sensing surface is taken place. These physio adsorbed
oxygen molecules get disintegrate and extract the electrons from the material resulted
in the formation of chemisorbed oxygen species (O or O%). Disassociate oxygen
molecules can extract the electrons from materials which are available within a certain
depth (2 -100 nm) from the periphery is called as Debye-length (2L). Due to electrons
extraction, the region within Debye length depletes with dominant charge carriers (e)
caused to the formation of depletion region. Thereby, electron density in the gas sensing
material decreases and causes to increase the resistance of the metal oxides. The Debye-
length of the material influences the number of electrons which participate in the
formation of chemisorbed oxygen species under ambient conditions. Particularly,
crystallite size of the materials decides the Debye-length of the materials (Yamazoe et
al. 2003). When the reducing gas is introduced, the chemisorbed oxygen species oxidize
the analyte gases and release electrons to the material. When electrons are moved
inside, electron density is increased and resistance of the oxide decreases. This
modulation of resistance in the presence and absence of analyte gas is defined as the

gas response.

Table 2.6 Electrical resistance of p- and n-type materials upon exposure of reducing

and oxidizing gases.

Type of semiconductor materials

Type of gases p-type n-type
(Holes (h™)) (Electrons (&)

Reducing gases

EX. NH3, HCHO, Hy, H»S, etc.
Oxidizing gases

Ex. Oz, O3, NOx, CO2, SO, etc.

Resistance increases  Resistance decreases

Resistance decreases Resistance increases

In the case of p-type semiconductor with holes as dominant charge carriers
exhibits reverse modulation in resistance during loading and unloading of the analyte
gases (Miller et al. 2014).

Gas response/sensitivity, selectivity, response and recovery time, resolution,

limit of detection, stability are the main characteristics of gas sensors. Gas
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response/sensitivity is defined in different ways depending on the type of
semiconductor (p- and n-type) and type of gases (reducing and oxidizing). For n-type
semiconductors, gas response is defined as a ratio of electrical resistance (Rg) in the
presence of analyte gas to electrical resistance (Ra) in air when expose to oxidizing
gases, whereas it becomes Ra/Rgq upon exposure of reducing gases. In the case of p-type

semiconductors, these are exactly reversed. Gas response is a unit less parameter, is

R . . .
expressed as (R—“ — 1) and sometimes it is also expressed in percentage as (—“ - 1) x 100
g

R
Rg
(Miller et al. 2014). Selectivity refers to an ability of a gas sensors to respond to the
particular gas in a mixture of gases. Response and recovery times are defined as the
time taken to achieve 90% of electrical resistance change during adsorption and
desorption of the analyte gases, respectively. Resolution is defined as an ability of a gas
sensor to distinguish the minimum difference of concentration. Limit of detection
(LOD) is the lowest concentration of analyte gas, which can be detected by the sensor.
Stability is referred to an ability of a gas sensors to reproduce the gas sensing results
including response, selectivity, response and recovery time and LOD for a definite
period of time (Bochenkov and Sergeev 2010; Dey 2018). High sensitivity, selectivity,
resolution, and stability, faster response and recovery, small value of LOD are

characteristics of an ideal gas sensors.

Gas sensing characteristics of semiconducting metal oxide gas sensors greatly
depend on several factors such as grain size, particle size, thickness, surface area,
morphology, porosity, lattice distortion, presence of additives and heterostructures,
operating temperature, the concentration of oxygen vacancies and chemisorbed oxygen
etc., (Zhu & Zeng 2017). Grain size is the important among the factors which influence
the gas sensing characteristics. When the size of the grains becomes lower than the
Debye length i.e., two times the depth of the space charge layer, then each and every
grain is fully participated in the charge transfer mechanism. According to Ogawa et al.,
when the grains size become smaller than Debye-length, whole crystallite act as a
space-charge layer, which is caused to the maximum sensor response (Ogawa et al.
1982). When the grains size is same as the Debye-length, then the electrons flow
through the necks formed between the grains, then the sensitivity defines as size

dependency effect. For polycrystalline metal oxides with grains size which are larger
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than the Debye-length, conductance of the sensing material is limited by Schottky
barrier at inter-grain contact. Hence, the gas sensitivity is not solely dependent on the
size effect (Dey 2018). Grains with smaller size cause the maximum gas response, but
the extreme smaller grains depreciate temporal stability and structural stability by

agglomeration (Korotcenkov 2008).

At present gas sensing properties of SMOs are evaluated using various gas
sensor design, mainly — (i) thick film and (ii) thin film. G. Korotcenkov et al., studied
the influence of thickness on the gas response of In,Oz thin film sensors towards the
ozone and hydrogen gases. The response to ozone was declined to more than 100 times
with increase of thickness from 20 to 400 nm. But in the case of H» detection, response
was increased with increased thickness from 20 to 400 nm. Researchers stated that
larger grain size and diminished permeability are responsible for the decreased gas
response towards ozone, whereas higher diffusion coefficient of Hz is reason for the
increased gas response (Korotcenkov et al. 2004). Park et al., observed that gas
response of dip-coated SnO> thin films towards the 1000 ppm of ethanol, increased
from 4 to 11 with increase in film thickness up to 70 nm, afterwards it was started to
decrease and ended up with gas response 7 against the film thickness 150 nm. The
reason behind the cut-off point of the thickness, film with thickness up to 70 nm
possessed the high porosity compared to other films with thickness 150 nm (Park and
Mackenzie 1996). It is well known that gas response of thick film sensors is also
dependent on thickness of the films. However, different researchers have noticed the
effect of film thickness on the sensitivity in a different way. Some authors reported that
gas response increased with increasing in film thickness, while others observed in a
reverse trend and some studies revealed that high sensitivity achieved at lower
thickness. Such disagreements reports confirm that the gas response/sensitivity of
SMOs depends on numerous factors. But the parameter such as film thickness affects
the sensor kinetics like response and recovery time. It is observed that response and
recovery time increase with increasing in the film thickness of In2O3 gas sensors upon
exposure of ozone and Hz. Response and recovery times of gas sensor were spiked by
10-fold and increased to nearly two orders of magnitude, when exposed to H» and ozone

gases respectively (Korotcenkov et al. 2004). It is observed that quicker response and
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recovery can be achieved in the gas sensors with lesser thickness, hence gas sensor

designers should carefully consider the film thickness during fabrication.

Lattice disorder or lattice distortion in the film-based gas sensors is also an
influencing parameter on the gas sensing characteristics mainly the sensitivity. The
methanol gas sensing characteristics of Al-doped ZnO thin films fabricated using spray
pyrolysis technique at different operating temperature were studied. The 0.5 at. % Al-
doped ZnO thin film with smaller crystallites and less lattice distortion exhibited
response nearly 3-fold higher than the undoped ZnO film (Sahay and Nath 2008).
Lesser lattice disorder causes minimum scattering of the charge carrier, leads to larger
change in resistance of the sensor upon exposure to target gases which results in higher
sensitivity.

Apart from the factors such as grain size, lattice distortion, thickness etc.,
surface morphology of SMOs nanostructure also plays a vital role in gas diffusion
during adsorption and desorption process. Various morphologies of SMOs
nanostructures possess different specific areas and spatial structures which facilitates
the gas diffusion in different ways. The desirable surface morphologies for the gas
sensing applications can be obtained by controlling the relevant parameters of the
synthesis methods. One dimensional nanostructure of SMOs such as nanorods,
nanofibers, nanotubes, nanowires exhibited the excellent gas sensing performance. The
aligned ZnO nanorods of flower-like shaped obtained by vapor phase transport
technique showed a maximum sensitivity of 581 towards 5 ppm of HzS at room
temperature and also good selectivity to H.S (Hosseini and Mortezaali 2015). Tungsten
oxide (WO3) nanotubes synthesised by facile solvo-thermal method, exhibited the ultra-
fast response (1 s) and recovery (19 s) during ethanol detection and also demonstrated
the good selectivity to ethanol (Song et al. 2015). Cui et al., studied the formaldehyde
(HCHO) sensing performance of ZnO with different morphologies such as nanoplates,
nanoflowers and nanofibers. 1D ZnO nanofibers were prepared by electrospinning
process, whereas 2D ZnO nanoplates and 3D ZnO nanoflowers were obtained by sol-
gel and hydrothermal methods respectively. 1D ZnO nanofibers sensor exhibited high
response of 12 towards 100 ppm of HCHO at room temperature compared to sensors

made of 2D nanoplate and 3D nanoflower-like ZnO structure (Cui et al. 2016).
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In order to achieve good sensing characteristics of the film-based gas sensors,
analyte gases should interact with volume area rather than the geometric layer of
sensors. For example, in the compact films, analyte gases have interaction only with
geometric layer, whereas porous film provides the volume area to interact with analyte
gases. Therefore, the concentration of chemisorbed oxygen species formed in the
volume interaction will be more than the geometric layer interaction, and it results in
the high sensitivity. It is observed that gas sensing characteristics of In2Oz films
obtained by spray pyrolysis, mainly depend on the gas permeability or porosity than the
grain size while detecting the reducing gases such as CO and H. (Korotcenkov et al.
2004).

As well known, that, upon the introduction of oxygen vacancies in metal oxides,
charge carrier concentration raises and affects the electrical properties. In the viewpoint
of gas sensing properties, oxygen vacancies play a vital role in the enhancement of the
adsorption process by triggering a pile of unpaired electrons to appear near the material
surface, thus create a large number of active sites where the oxygen species get
chemisorbed. The reasons for existence of oxygen vacancy (Vo) in the metal oxides are
(i) the non-stoichiometric relationship between the anions and cations and (ii)
incorporation of impurities into the lattice. Usually, oxygen vacancies can be directly
introduced during the synthesis of SMOs by tuning the pertinent conditions such as
reaction temperature and time, the type and concentration of the precursor, etc. Oxygen
vacancies can be generated by a post treatment of a synthesised SMOs. Peng et al.,
employed one-step autocatalytic process to fabricate ZnFe,Os (ZFO)-based acetone
sensors using the precursors tartaric acid (TA) and industrial ZnFe>O4 (I-ZFO). During
processing, different molar ratio of TA/I-ZFO was maintained to be 5:1 and 10:1. The
XPS revealed that an around ~ 24.83 % of oxygen vacancies was present in 1-ZFO,
whereas the concentration of oxygen vacancies was increased to 28 % and 40.22 % in
ZFO after autocatalytic reaction using molar ratio of 5:1 and 10:1 respectively. The gas
sensing performance of ZFOs against 600 ppm of acetone were evaluated at optimal
working temperature 280 °C. It was found that 1-ZFO showed a sensitivity of 16,
whereas as sensitivity of ZFO using molar ratio of 5:1 and 10:1 was found to be 36 and
70 respectively (Peng et al. 2019). Zeng et al., studied the ethanol sensing performance

of pristine and SnO, samples after the NaBH4 treatment. The NaBH treated SnO>
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sensors exhibited response of 120 towards 300 ppm of ethanol which was nearly 3 times
higher than the pristine SnO2. XPS and PL detailed the reasons of enhanced response;
the increased concentration of oxygen vacancies in the treated SnO> sensors triggers
the strong chemisorption process and caused to generate the large number of
chemisorbed oxygen species over the surface (Zeng et al. 2020). It was observed that
solvothermal method employed to prepare In.O3 with spindle-like nanostructure and
rich oxygen vacancies. Sensor made of In.O3 was subjected to methanol detection test
at optimal working temperature 240 °C. Sensors exhibited superfast response (1 s) and
recovery (10 s) along with sensitivity 27 against 100 ppm of methanol. It is found that
two reasons are responsible for its excellent gas sensing performance: first, morphology
offers larger specific surface area; second, presence of abundant V, increases the active
centres on the surface of the materials. It is concluded that V, encourages to widen the
electron depletion layer and facilitates the channels for electrons exchange between the

adsorbed oxygen and conduction band of the material (Ma et al. 2019).

Unique characteristics such as wide bandgap of 3.37 eV, high mobility of charge
carriers, high chemical and thermal stability, cohesive energy of 1.89 eV, made ZnO
(n-type semiconductor) to detect the wide range of reducing gases and oxidizing gases
by altering the resistance upon exposure to these gas molecules (Zhu and Zeng 2017).
Moreover, non-toxic, ease of fabrication, low-cost, suitable for bulk production and also
robustness in practical applications enhanced the usage of ZnO as a better sensing
material than the other semiconducting metal oxides such as SnO3, In203, Fe;O3, NiO,
WOs3, RuOz2, V205, Co304, MgO, CuO, CeO2, ZrOg, etc. (Eranna et al. 2004; Zhu and
Zeng, 2017). Room temperature operated ZnO based gas sensors eliminate heaters
thereby make still more portable and economical. In addition to this, room temperature
operation facilitates the minimum usage of energy, limits the risk of a gas explosion,
maintains the long-term stability of sensors and also avoid problems of the gas diffusion
at the grain boundaries due to an unenviable drift problem raised by temperature-
induced grain growth (Cui et al. 2016; Zhu and Zeng 2017).

2.6.2 Doped metal oxide
Doping of elements during synthesis and deposition methods modify the
properties of the SMOs, which helps in detection of the various analyte gases. Dopants
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plays vital role in enhancing the pristine SMOs gas sensing characteristics like gas
response, selectivity, LOD, stability, response and recovery time. Usually, dopants
improve the properties of metal oxides, which are desirable for gas sensors, while the
undesirable properties are suppressed or eliminated. Small addition of catalytically
active materials to SMOs improves the response and selectivity of the gas sensors.
Catalytic activity, microstructure and morphology of films can be modified with doping
of transition metal in the SMOs. Dopants/impurities improve the gas sensing properties
of the SMOs by (i) modifying the grain size and lattice distortion, (ii) transforming the

morphology and porosity, and (iii) increasing the concentration of oxygen vacancies.

As well known, the grain size and lattice distortion are the factors which
influence gas sensing performance. Doping of elements in the SMOs modifies its
microstructural parameters such as grain size and lattice distortion. The sensors
performance increases as the grain size decreases and most importantly sensor response
spikes high, when the grains size becomes smaller than the Debye-length. The
inhibition of grain growth of the metal oxides takes place, when the impurities/dopants
are added. Dopants also play a vital role in the inhibition of grain growth even at high
temperature results in the formation of smaller grains (Dey 2018). Renitta et al.,
reported that a smaller crystallite size and the lesser strain was obtained due to
chromium doping in ZnO films, enhanced the sensing performance from 10 to 50
towards hydrogen (H2) gas (Renitta and Vijayalakshmi 2016). Similar results were
found in the Al-doped ZnO films fabricated using spray pyrolysis technique for
detecting the methanol gas. 0.5 at. % of Al dopant reduced the crystallite size of ZnO
from 396 nm to 97 nm; smaller crystallite and smaller lattice disorder upon Al doping
helped in enhancing the gas response from 16 to 40 towards 500 ppm concentrations at
operating temperature 280 °C (Sahay and Nath 2008). Satya et al., investigated the
effect of dopant concentration on acetylene sensing performance of In-doped ZnO
(1ZO) based sensors. The pristine and 1%, 3% and 5% of In (at. %) doped 1ZO films of
thickness 100 nm were fabricated using thermal vacuum deposition. As the dopant
concentration increased, the crystallite size also decreased from 20.4 to 14.5 nm. Gas
response of 1ZO films increased with increasing dopant concentration up to 3 at. % and
afterwards showed a decreasing trend with doping concentration. Not only smaller

crystallite enhances the gas response, but also the smaller lattice distortion obtained
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during doping plays a vital role (Dev et al. 2020). Selectivity of undoped ZnO was
improved by doping 6 wt.% of Cu towards the 100 ppm of ammonia gas along with
other gases such as acetone, LPG, CO; and SO, (Ganesh et al. 2018).

Some researchers studied the influence of dopant concentration on structural,
morphological and gas sensing properties of In-doped ZnO films with different dopant
concentration of 1%, 3%, 5% and 7% (in at. %), which were fabricated using SILAR
method. Crystallite size was decreased with increased doping concentration. 1ZO films
with dopant concentration 1 at. % showed granular structure, which transformed to
nanoflower morphology with 3 at. %. Again, morphology of I1ZO films turned into the
porous and granular after doping with 5 and 7 at. %. The 3 at. % In doped ZnO films
with nanoflower morphology exhibited high gas response compared to the other films
towards to 50 ppm of NO at working temperature of 167 °C (Soltabayev et al. 2019).
Mani et al, investigated the effect of various transition metal dopants on morphological
and gas sensing properties of ZnO thin films. Spray pyrolysis technique employed to
fabricate a pristine and Co, Cu, and Ni-doped ZnO thin films. It was observed that upon
doping Co element, nanorods structure was turned to tiny particles and irregular shaped
nanorod. A greater agglomeration of particles was observed in Cu-doped ZnO, whereas
randomly dispersed nanorods of length 200 nm was found in the Ni-doped ZnO.
Pristine and Co, Cu, and Ni-doped ZnO thin films were subjected to detect the various
analyte gases such as ammonia, acetone, ethanol, methanol, formaldehyde, toluene and
acetaldehyde. Co-doped ZnO thin films with tiny particles with irregular shaped
nanorods exhibited high response towards all the analyte gases compared to the other

thin films (Mani and Rayappan 2016).

In addition to the modification of grains size and morphology in the SMOs upon
doping, dopants also alter the concentration of oxygen vacancies which act as an
electron donor site for the chemisorption process in the gas sensing mechanism. Doping
of aluminium (Al) in TiO2, generates the oxygen vacancies and enhances the
conductivity of TiO2 metal oxide (equation 2.8). During Al doping, AI®* (ionic radius
0.067 A) occupies the regular position of Ti** (ionic radius 0.074 A) in the TiO: lattice.

In the TiO> lattice, Al will remain there as a defect with lone negative charge.

Al,05 = 24l + 0F +V, (2.8)
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Studies on the effect of dopant on the oxygen vacancies of the SMOs gas sensors
were reported (Al-Hashem et al. 2019), where concentration of oxygen vacancies were
enhanced in Al-doped ZnO than the pristine ZnO nanoparticles synthesized through
hydrothermal method, as a result the doped ZnO nanoparticles exhibited high gas
response towards 20 ppm of 2-chloroethyl ethylsulfide. Similar results were observed
in the Al-doped ZnO nanoparticles synthesized by flame spray pyrolysis method,
amount of oxygen vacancies increased from 21 % to 37 % in doped ZnO, which led to
the enhancement of gas response from 13 to 245 towards the 10 ppm of acetone at
operating temperature of 450 °C. Gallium doped film fabricated using RF sputtering
techniques exhibited high sensing performance towards 5 ppm of H»S than the pristine
films because of the increased oxygen vacancies (Girija et al. 2018). Addition of nickel
in SnO2 nanoparticles increased the oxygen vacancies from 41 % to 50 %, thereby the

gas response increased to 104 against 50 ppm of formaldehyde (Hu et al. 2018).

2.6.2.1 Gas sensing mechanism of doped semiconducting metal oxides

Fig. 2.7 illustrates the gas sensing mechanism of Cu-doped SnO2, which leads
to an improved CO gas sensing performance compared to the pristine SnO> gas sensors
(Karthik et al. 2016). Fig. 2.7 (a) depicts the adsorbed oxygen molecules present on the
SnO; surface, which extract the electrons from the conduction band of SnO. and
become chemisorbed oxygen species. Upon extraction of electrons from conduction
band, electron depletion layer was formed in SnO2 which result in increment of the
electrical resistance. When the CO is exposed, chemisorbed oxygen species distributed
over the SnO; surface oxidize the CO to CO; and result into the increment of electrical
resistance (fig. 2.7 (b)). Modulation of electrical resistance in the absence and presence
of analyte gas represents the gas sensing. In the case of Cu doped SnO: (ig. 2.7 (c)),
pronounced chemisorption process was carried out by extracting the greater number of
electrons and widens the electron depletion layer than the pristine SnO2. Reasons
behind this could be due to (i) smaller crystallite size, (ii) morphology modification and
(iii) increased oxygen vacancies. When CO comes in contact with surface, chemisorbed
oxygen species, which spread in larger extent to participate in oxidization of CO gas
into CO2 (fig. 2.7 (d)). Simultaneously, large number electrons release back to the

conduction band, which leads to formation of small charge depletion layer, thereby
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electrical resistance decreases. The modulation of electrical resistance in doped SnO-
is larger than the pristine SnO», as a result gas sensing performance of doped SnO:
increases. As Table 2.7, Table 2.8, and Table 2.9 show the effect of dopant on improved
gas sensing performance through the modification of properties of the ZnO, SnO2 and
other SMOs.
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Fig. 2.7 Schematic gas sensing mechanism of (a) pristine SnO and (b) Cu-doped
SnO; towards CO (Karthik et al. 2016).
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Table 2.7 A summary of doped ZnO gas sensors citing crystallite size, lattice distortion, morphology and oxygen vacancies (V,) as factors for
improving the gas sensing.

Analyte

Gas Conc.

Operating

Material Dopant Method Morphology gas (ppm) temp. (© C) Response Cited effects Reference

Al Spray b Smaller crystallite

ZnO 0.5 at. % pyrolysis N.R Methanol 500 275 44 and lattice distortion Sahay and Nath 2008
In Thermal vapor c Smaller crystallite

ZnO 3at % deposition Granular Acetylene 100 150 29 and lattice distortion Dev et al. 2020

Zno In SILAR Nanoflower NO 50 167 24,2 Crystallite and Soltabayev et al. 2019

3wt. % morphology

Al . q Increased specific

ZnO 1at % Hydrothermal Spherical CH;CHO 10 500 2250 surface area and Ve Yoo et al. 2018

CO 100 400 2752

Au NH;3 100 R.T. 15462 Spill over .

ZnO 0.5 Wi, % Hydrothermal Nanorods H, 100 400 3508 mechanism Shingange et al. 2016

CHa4 100 R.T. 360?
ZnO W Spray_ Granular NH; 100 R.T. 2.28 Increased V, Ravichandran et al. 2020
lat. % pyrolysis

ZnO 5 Q‘I% Sol-gel Nanoparticles NH; 100 R.T. 3502 Increased V, Navaneethan et al. 2017
Al Flame spray . d High specific area

ZnO 1 Wt.% pyrolysis Nanoparticles  Acetone 10 450 245 and increased Vs Yoo et al. 2019
Ce s . a Increased V, and

ZnO 0.5 at. % Precipitation Flower-like Ethanol 100 300 73 chemisorbed oxygen Zhang et al. 2018

a Ra Rg dRaRg eRa- N. R. — Not Reported

b Ra=Rg o 100 ¢
R

a

Rq Rg

9
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Table 2.8 A summary of doped SnO> gas sensors citing crystallite size, lattice distortion, morphology and oxygen vacancies (Vo) as factors for
improving the gas sensing.

Analyte

Gas Conc.

Operating

Material  Dopant Method Morphology gas (ppm) temp. (° C) Response Cited effects Reference
SnO; 3 \E\:/td% Hydrothermal Nanorods H.S 10 275 312 Increased V, Sun etal. 2014
SnO; Sm Hydrothermal Nanorods Isopropan 200 251 742 Increased Vo anc_i Spill- Zhao et al. 2018

15at. % ol over mechanism
Sno co Electrospinning ~ Nanofibers  Ethanol 100 300 s01:  Crysullitesize and Kou et al. 2016
2 3 mol.% pinning ' Increased Vo '
Er Chemical - a High specific surface . .
Sno; 30 method Nanoparticles  Ethanol 100 280 48 area and increased Ve Singh and Singh 2019
SnO; 9 nligjl % Electrospinning Nanofibers Acetone 100 280 32.22 Increased Vo Z. Jiang et al. 2016
SnO; 2 4Z\/Ct % Spray pyrolysis  Nanoparticle CO; 500 310 94.4P Increased Vo Deepa et al. 2017
Gd Smaller crystallite size
Sno; 3% Co-precipitation Irregular Ethanol 250 280 1382 and Singh and Singh 2017)
increased V,
SnO; 5 a,\t“% Hydrothermal =~ Nanoparticles HCHO 50 200 1002 Increased Vo Hu et al. 2018
SnO; 05 5:)' % Electrospinning Nanofibers Acetone 50 200 61° Increased Vo Kou et al. 2018
SnO; ce Hydrothermal ~ Nanoparticles  Acetone 100 270 100? High specific surface Lian et al. 2017)
5 wt.% area
a Ra c R_y dRa—Rg ¢Ra—Ryg

Rg

b Ra=Rg o 100
R

a

Rg Rg

— X 100 R.T.-Room Temperature

g
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Table 2.9 A summary of doped In2Oz and TiOz gas sensors citing crystallite size, lattice distortion, morphology and oxygen vacancies (Vo) as

factors for improving the gas sensing.

Analyte

Gas Conc.

Operating

Material Dopant Method Morphology gas (ppm) temp. (° C) Response Cited effects Reference
. Smaller crystallite .
Sn Solution . b . - Ayeshamariam et al.
In,03 5 Wt % combustion Nanoparticles  Ethanol 1000 200 24 and High specific 2014
surface area
Pb . . a Montazeri and Jamali-
In,03 1 mol.% Sonochemical ~ Nanoparticles  Ethanol 100 250 33 Increased defects Sheini 2017
Ce High specific surface
IN203 3 mol. % Hydrothermal Flower-like Acetone 200 250 422 area and Wei et al. 2018
7 carrier concentration
In,03 3 mzrl % Solvothermal Non-spherical ~ Ethanol 50 240 1062 Increased V, Ma et al. 2020
Fe One-step a Small crystallite and
In,03 5mol.%  Impregnation Nanospheres Ethanol 100 350 133 morphology Chen etal. 2019
Methanol 300 172
Mn NH; 400 3.5
In,03 3 mol % Sol-gel Nanoparticles  Ethanol 50 300 232 Increased V, Anand et al. 2016
77 LPG 400 g?
Acetone 350 18?
Ag i . c High oxygen
IN203 8 Wt.% Sol-gel Nanoparticles HCHO 25 100 28 adsorption Wang et al. 2009
TiO> 75 i/rt % sprl;l;%l;/lrl(s)f;/sis Granular NH; 450 250 118¢ Increased V, Ravikumar et al. 2020
. Y . a Smaller crystallite .
TiO, 2 mol.% Sol-gel Nanoparticles  Ethanol 100 R.T. 225 Increased Ve Nithya et al. 2019
TiO, 1 nl\]/(l)r; % Hydrothermal Nanoparticles NH; 20 R.T. 3782 Increased V, Tshabalala et al. 2017
2 Ba v BaRo i q0gg ¢ 2a aRaRy R. T.—Room Temperature  N. R. — Not Reported
Ry R, Ry Ry
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2.6.3 Heterostructure metal oxides

A survey of literature informs that the heterostructure material also influence
the gas sensing performance of the SMOs. Usually, dopants occupy the lattice position
in the SMOs by substituting the parent cation, hence the modification of properties
supports in improving the gas sensing performance. Heterostructure materials such as
metals, metal oxide, polymers, etc., are added to the parent SMOs to improve the gas
sensing characteristics mainly sensitivity and selectivity by the following mechanisms:
(i) p-n and n-n potential barrier adjustment, (ii) catalytic spill-over, (iii) synergic effect

and (iv) microstructure manipulation (Miller et al. 2014).

2.6.3.1 Mechanisms to improve gas sensing performance of heterostructure metal
oxides

Effect of p-n and n-n nanojunctions

The presence of secondary materials has a drastic effect on the improving gas
sensing performance due to the formation of junction/interface between the
heterostructure materials. Woong et al., investigated the sensitivity and selectivity of p-
type Co0304 decorated n-type ZnO nanowires gas sensors. In the Cosz0s4 -ZnO
heterostructure metal oxides, equilibrant fermi energies are achieved along with
formation of depletion layer at p-n junction by transferring the electrons from high
energy states to lower energy (fig 2.8 (a)). Depletion layer is formed at heterostructure
junction due to the electron-hole recombination, which acts as the potential barrier for
the movement of electrons (fig 2.8 (b)). The resistance of the Co030s4 -ZnO
heterostructure metal oxide is higher than the n-type ZnO under ambient. When NO-
(oxidising gas) was introduced, resistance was increased in a smaller extent, whereas
the resistance of the material was decreased in a larger extent upon exposure to reducing
gas ethanol. The value of Ra/Rg upon ethanol vapor exposure is higher than the NO>
gas exposure. Authors cited that Cos04-Zn0O heterostructure gas sensor showed a high
sensitivity and selectivity towards the ethanol vapor due to the formation of depletion
layer at the p-n junction (Na et al. 2011). Zeng et al., reported that sensitivity of n-type
TiO2 and n-type SnO. heterostructure gas sensors was higher than the pristine SnO>
towards 50 ppm of VOCs such as methanol, ethanol, formaldehyde and acetone at
operating temperature of 360 °C. It is proposed that electrons are flow from TiO: to the

SnO; across the n-n heterojunction as shown in fig. 2.8 (c and d); hence there is a
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formation of the electron depletion layer at TiO2, and accumulation layer at SnO2. SnO>
with high electron density facilitates the formation of additional chemisorbed oxygen

species at the surface (Zeng et al. 2010).
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Fig. 2.8. Schematic illustration of band bending at interface of the heterostructure

semiconducting (n and p-type) materials (Miller et al. 2014).

Catalytic spill-over effect

The spill-over effect can be illustrated using heterostructure gas sensors in
which noble metal nanoparticles such as Au, Pt, Pd are dispersed over the surface of
the primary metal oxide. Nadargi et al., studied the gas sensing performance of Ag
loaded ZnO nanocomposites, when exposed to acetone vapor. The gas response was
increased enormously from 56 to 71 upon loading of Ag on ZnO due to spill-over
mechanism. The incorporated Ag not only acted as the surface sites for adsorption but
also activated the surface catalysis and caused to the formation of high concentration
of ionosorbed oxygen species (Nadargi et al. 2019). Liu et al., demonstrated the spill-
over and no spill-over effect on the ethanol sensing performance of the noble metals
loaded SnO.. The sensitivity (S) of different noble metals loaded SnO2 was compared
with the pristine and found as Sau > Spristine > Spa > Spt. The reason behind the enhanced
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sensitivity is the spill -over effect due to an incorporation Au, which offers more sites
for the adsorbates on the surface. Whereas in the case of Pd and Pt decorated SnO., Pd
and Pt nanoparticles were partially oxidised to PdO and PtO respectively. These oxides
(PdO and PtO) inhibits the formation of active sites on the surface of the SnO2, hence
the lesser concentration of chemisorbed oxygen species are generated and this

mechanism is known as no spill-over effect (Liu et al. 2015).

Synergic effect

It is an interesting mechanism in which two different ingredients of
heterostructure materials comes in contact with analyte gas and serve the different
purposes. In most of the literature, synergic effect is often called either as a non-
interface dependent complementary behaviour or decomposition of intermediate
reaction products. Sensitivity of the metal oxides towards the alcohol vapor was
enhanced by further decomposition of intermediate products, which were generated
from the oxidation reaction between alcohol and chemisorbed oxygen species dispersed
over the surface of the metal oxide. Costello et al., studied the gas sensing properties of
Sn0,, ZnO and SnO2-Zn0O heterostructure towards the 1-butnol and found that SnO-
was oxidised the butanol to butanal effectively and ZnO was failed to oxidise the
butanol, but readily decomposed the butanal to CO2 and H20. Thus SnO2-ZnO
heterostructure performed synergistically, completed the decomposition of butanol to
end products and exhibited the high sensing performance(de Lacy Costello et al. 1999).

Manipulation of microstructure

The Microstructural parameters such as grain size, lattice distortion influence
the gas sensing performance of SMOs. Some literature reported that elemental doping
offered desirable manipulation in grains and lattice disorder which helped in improving
gas sensing performance. A series of literatures reported that an incorporation of
secondary oxides such as ZnO, In20s, TiO2 and WOs restricted the grain growth of the
SnO2 nanoparticles effectively during crystallization at high-temperature. Hence, the
controlled grain-growth phenomenon offered high gas sensing performance of the SnO>
heterostructure gas sensors (Miller et al. 2014). Chen et al. studied the gas sensing
performance of the ZnO-SnO; heterostructure which was synthesised by

microemulsion method. Heterostructure with 40 mol% ZnO- 60 mol % SnO, exhibited
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highest response 35 towards NO2, while the pure crystalline SnO2 showed NO:
response of 7. The augmented gas response could be due to the smaller grains (5 nm)
of SnO- in 40 mol. % ZnO-SnO; heterostructure compared to the pure crystalline SnO-
(19 nm) (Liangyuan et al. 2008). An addition of 20 mol. % of WO3 powders to SnO-
nanoparticles followed by a calcination at 600 °C, exhibited a higher response towards
NO; than the pristine SnO2. WO3 supressed the grain growth of SnO2, which was ended-
up with smaller crystallites and high specific surface area (S. Bai et al., 2010). SnO-
based heterostructure metal oxides exhibited high response towards the analyte gases
CO and NO upon incorporation of 40 mol. % In20s. Incorporation of secondary
component In203, helps in formation of smaller grains, thereby the gas sensing ability
of In203 -SnO- heterostructure was enhanced compared to the pure SnO. (Chen et al.
2006). Different heterostructure metal oxides sensors along with cited effects which are

responsible for improving the gas sensing performance are tabulated in the Table 2.10.
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Table 2.10 A summary of heterostructure metal oxide gas sensors citing mechanism responsible for improving sensitivity.

Material Secondary Method Morphology  Analyte  Conc. Operating  Response Cited effects Reference
component gas (ppm) temp. (°C)
Sno; TiO; Colloidal mixing Mixed Ethanol 200 360 702 Electron accumulation Zeng et al. 2010
nanoparticles  Acetone 200 552 layer at n-n junction
ZnO Cr,03 Thermal Nanowires Trimethyl 5 400 18° electron depletion Woo et al. 2012
evaporation amine 5 7.3 layer at p-n junction
Ethanol
Sno; WOs Two step sol- Nanoparticles NO; 200 200 186° Smaller crystallite and Bai et al. 2010
20 mol.% precipitation high specific surface
area
Sno; Ag Green synthesis Nanoparticles ~ Acetone 1000 175 712 Spill-over Nadargi et al. 2019
1 mol. %
Au/SnO; Au Hydrothermal Octahedral Ethanol 400 350 2302 Spill-over Liu etal. 2015
SnO; Zn0O Microemulsion Nanoparticles NO; 500 250 35°¢ Smaller crystallite Liangyuan et al.
40 mol.% 2008
Sno; In203 Co-precipitation Nanoparticles CO 1000 250 162 Smaller crystallite and Chen et al. 2006
40 mol.% NO; 450 150 7.5 high specific surface
area
SnO; NiO Template-assisted Flower-like Ethanol 1000 320 5762 p-n heterojunction G. Sunetal. 2016
1 mol.%
SnO; Ni2O3 Arc-discharge Irregular CH. 200 400 127¢ Synergic effects Vuong et al. 2014
deposition
Sno; NiO Pulsed laser Nanoparticles  Trimethyl 10 220 48.6 p-n heterojunction Juetal. 2015
deposition amine
aRa p Ra—Rg x 100 g dRa—Rg
Rg a a Rg
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2.7 Reported screen-printed metal and metal oxide films

2.7.1 Screen-printed Ag films and their applications

Significant numbers of works have been carried out on the fabrication of thin
films by screen printing process and performance of the thin films put into the
applications. Prepared silver paste composed of 80 % of silver particles of size 50-100
nm, Pb free frit (< 1 %) and inorganic vehicle (20 %) were screen printed on alumina
substrates and annealed at different temperatures from 250 °C to 450 °C with 50 °C
increment and resistivity was found to be 7.14 uQcm at 250 °C, which was decreased
to 4.11 pQem at 450 °C. Thickness decreased from 8.8 um to 6.6 um with annealing
temperature(Park et al. 2008). A resistivity of 15x10® Qm was measured to the screen
printed film on the ferrite substrates at 850 °C for 10 min, in which paste was comprised
of flake shaped silver particles (60-70%) (Songping 2007). Commercially available
high viscous silver paste was deposited on a flexible polyethylene terephthalate (PET)
substrate through screen printing technique and film was characterized with rms
roughness of 7.986 nm, thickness of 12.2 um and electrical resistivity of 5x10% Qm
(Adhikari et al. 2015). Formulated screen printing paste with 70-77% silver with
particles size 2-3 um was transferred on the alumina substrates and sintered at 900 °C
for 15 min, an electrical resistivity of 2.4 pQcm was reported (Faddoul et al. 2012).
Screen paste consists of 70% of silver with particles size 3 pm was screen printed on
the Low temperature co-fired ceramics (LTCC) substrates which was annealed at 875
°C for 1 h and exhibited electrical resistivity of 3x10® Qm. Commercial Ag paste was
screen printed on LTCC and cured at 875 °C, possessed an electrical resistivity of 3x10°
8 Om (Lahti and Lantto 2001). Formulated silver paste composed of silver with particles
size 5 um and vinyl chloride based copolymer resin was screen printed on paper (square
mass 80 g/m? and thickness 100 pum) substrate and sintered at 160 °C for 50 min
exhibited resistivity of 19x10® Qm (Merilampi et al. 2009). The screen-printed patterns
obtained from paste consists of silver particles of size 80 nm with an annealing
temperature 200 °C, exhibited the resistivity of 15x10® Qm (Yin et al. 2008).
Formulated ink containing a mixture of silver neodecanoate, solvent, and ethyl cellulose

was printed on kapton substrates and sintered thermally at 250 °C, later found resistivity
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10.7 + 1.1x10® Qm (Kell et al. 2017). Fig. 2.9 shows the resistivity of screen-printed

silver films obtained from various formulated silver inks.
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Fig. 2.9 Resistivity of screen-printed silver films reported in the literature.

Screen printing provides compact, robust, rugged and low-cost version
reference electrode to replace the conventional electrodes. Zhou et al., reported the
array of top gated TFTs on rigid and flexible substrates in which source, drain and gate
electrodes were screen printed using silver based conductive inks. Printed TFTs
exhibited mobility up to 7.67 cm? V1 s, on/off ratio of 10%-10° with low voltage
operation and excellent mechanical flexibility (Cao et al. 2014). Ag nanowires (6.6 %
loading) based screen printing inks were used to fabricate source and drain electrodes
in the array of TFTs. In this study, fabricated devices showed an average mobility of
33.8 £ 3.7 cm? V! st and on/off ratio of 10° (Liang et al. 2016). Screen printed
electrodes obtained from the silver and carbon based conductive inks used in the
organic thin film transistors with a channel length of 30 um (Lim et al. 2009). Ag
nanoparticle-based screen-printed drain and source electrodes were used in the
amorphous In-Ga—-Zn-O TFTs array; devices exhibited high on/off ratio of ~107 and
the field effect mobility of 2.8 cm?/V s (Ito et al. 2008).
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2.7.2 Screen printed semiconducting thick films for gas sensing applications

Numerous works have been reported on the screen-printed semiconducting
films as a functional layer for the detection of various types of gases. Functional
materials usually SMOs mixed with organic vehicles are screen printed on rigid and
flexible type of substrates. Screen printing technique offers highly porous thick films
which enhances the diffusion air/gas through underneath layer; hence effective
extraction and insertion of electrons from and to the materials during adsorption and
desorption respectively is possible. Patil et al., reported that commercial ZnO powder
was screen printed on a glass substrates and subjected to gas sensing characterisation
and found highest response (S=21) towards chlorine gas with concentration of 300 ppm
at operating temperature 400 °C (Patil and Patil 2007). The granular and porous screen
printed tin doped indium oxides (Sn-doped In.Oz3) films on stainless steel substrates
were employed for the detection of ammonia vapor. Sn-doped In2Os thick films
exhibited high response to vapor concentration of 500 ppm of NH3z at working
temperature 120 °C. A summary of gas sensing properties of screen-printed ZnO
sensors are shown in Table 2.11
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Table 2.11 A brief summary of the optimum gas response of screen printed ZnO gas sensors at various operating temperature towards

exposed to different gases.

ZnO powder Analyte gas Gas conc. Operating temp. Response Ref.
synthesis (ppm) Topt °C) (Approx.)
Commercial NH; 1000 350 6 Wagh et al. 2006
Ball milling Ho 1000 400 28.05 Patil and Patil 2009
LPG 1000 350 8.07
Commercial Ethanol 1000 350 12 Patil et al. 2007
Chemical Co - NH; 90 Ambient 0.8 Rao and Rao 1999
precipitation
Commercial Cl, 300 400 21 Patil and Patil 2007
Sol-gel Ozone 0.1 250 2.1 Carotta et al. 2009
NO> 0.1 200 3.5
Cco 50 450 2.1
Vapour transport Ozone 0.1 300 2.8 Carotta et al. 2009
process and NO; 0.1 300 2.5
controlled oxidation CO S0 400 1.4
Vapour —phase Benzene 100 475 45 Z. Bai et al. 2010
oxidation Toluene 100 475 9
Methanol 100 475 5.5
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2.8 Scope and objectives of the research work
2.8.1 Scope

Among the existing printing techniques, the screen-printing technique is a cost-
effective and reliable method which can be used to print on substrate of interest in large-
volume without the requirement of the sophisticated printing environment, such as high
vacuum, inert gas-flow, high-grade clean rooms and so on. By considering these,
conductive electrodes for the various devices, specifically TFTs can be fabricated
through screen printing in large volumes with shorter time, but this also offers some
challenges such as high thickness and high roughness which are not favourable. There
is an attempt made to reduce the thickness and roughness of the films, thereby the TFTs
devices can be worked efficiently. Screen printed films can also be employed to
fabricate the active layer for the gas sensors because of the high porosity, which enables
the analyte gases to have an optimum interaction with materials, hence the effective

response can be obtained.

One of the frequent challenges in the screen-printing technique is clogging of
pores in the screen mesh during screen printing. Here, the particles of size varying from
nano to microns get sticked in the pores of screen mesh and block the ink to pass
through these pores, which results in the fabrication of distorted patterns in the
subsequent printing. To overcome this problem, particle free approach is employed in

which screen-printing inks are made of precursor solution of the functional materials.

Presently, the screen-printed films are obtained from the particle-based
approach, consisting of steps as follows (i) mixing of precursors, (ii) synthesis of
functional material particles, (iii) calcination of functional material particles, (iv)
preparation of organic vehicle, (v) mixing of functional material particles with organic
vehicle, (vi) printing on substrates and (vii) followed by annealing of the printed
patterns. But, novel particle-free approach, consisting of steps (i) direct mixing of metal
salt into the organic vehicle, (ii) printing on the substrates and (iii) in-situ formation of
ZnO films by annealing. Hence, particle-free approach bypasses the steps such
synthesis and calcination of functional material like ZnO powder, thereby it consumes

less-time than the previously reported works.
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2.8.2 Objectives

The objectives of the present study encompass the fabrication of well adhered metal
and metal oxide films for the applications such as gate electrode in TFTs and the sensing
layer of the gas sensors via screen printing technique.

¢+ To synthesize and characterize conducting (Ag, Ag-Cu) and semiconducting
(CaVOs, pristine and Sr-doped ZnO) functional materials for the formulation of
screen-printable inks.

% To formulate particle-free (Ag, ZnO) and particle-based (ZnO, BaSnOg) screen

printable inks to develop films on flexible and rigid substrates.

¢+ To fabricate screen-printed silver patterns with a minimum thickness (< 3 um)
and acceptable roughness.

%+ To develop and characterize the screen-printed silver gate electrodes for the
TFTs.

% To fabricate and characterize screen printed semiconducting ZnO, Sr-doped
Zn0O, BaSnOs and La-doped BaSnOs films for sensing of hazardous gases.
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CHAPTER 3

SYNTHESIS OF METAL, METAL ALLOY, METAL - OXIDE AND
DOPED METAL-OXIDE FUNCTIONAL MATERIAL FOR THE
FORMULATION OF SCREEN-PRINTING INKS

3.1 Introduction

This Chapter encompasses the preparation and characterization of functional
materials namely Ag, Ag-Cu alloy, CaVOs, pristine and Sr-doped ZnO particles of size
varying from nano-to micro size which are compatible for the formulation of screen-
printing inks. F.Fievet, and his researchers established a nanoparticles synthesis
technique termed -polyol process was adopted to synthesis Ag and Ag-Cu nanoparticles
in ethylene glycol medium. Whereas, CaVOg, pristine and Sr-doped ZnO particles were
synthesized via time and energy-saving method developed in mid-80°’s named solution

combustion synthesis.

3.2 Experimental procedure
3.2.1 Materials

All the chemical reagents used in the experiments were of analytical grade and
used without further purification, which were silver nitrate (AgNOs; CDH Pvt. Ltd,
India, (99.8% purity)), Cupric nitrate trihydrate (Cu (NO3)2.3H20; Molychem India,
(99.5% purity)), Sodium borohydride (NaBHs; Molychem India (97% purity)),
Ethylene glycol (C2HeO2; Spectrum reagent & Chemical Pvt.Ltd, India, (98% purity))
Polyvinylpyrrolidone (PVP - K30, MW 40000; SRL Pvt. Ltd, India), Vanadyl
acetylacetonate ((C10H1405V); Tokyo Chemical Industry CO., LTD., (95% purity)),
Calcium nitrate ((Ca(NOs3)2.4H20); Molychem India, (99.5% purity)), Nitric acid
((HNOs3); NICE Chemicals Pvt. Ltd, Cochin, India, (70% purity)), Zinc Nitrate
hexahydrate (Zn (NO3). 6H20; SRL Pvt. Ltd India (99 % purity)), Urea (CHsNO2;
Spectrum Pvt. Ltd India (98% purity), Citric acid (CsHsO7; Sigma Aldrich (Purity
99.5%)), Glycine ((C2HsNO»; SRL Pvt. Ltd India (99% purity)), and Strontium nitrate
(Sr (NO3)2; Molychem Pvt. Ltd India (99% purity)).
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3.2.2 Synthesis of silver (Ag) and silver-copper (Ag-Cu) alloy nanoparticles

A 0.1 M solution of AgNOswas prepared in ethylene glycol by dissolving 1.02
g of AgNQsin 60 ml ethylene glycol using ultrasonication for 30 min. An amount of
10.2 g of PVP was dissolved in another 60 ml ethylene glycol in a three-neck round
bottom flask by using a moderate stirring of 400 rpm and at a temperature of 100 °C in
an oil bath. The temperature was kept same throughout the experiment. When this
solution turned to light yellow colour AgNOs solution was injected drop by drop at a
rate of 2 ml/min. The reaction was allowed for 4 h at the same temperature and stirring
rate. A brown colloidal solution was formed which indicated the formation of the PVP
capped silver nanoparticles. The colloidal solution was then cooled down to room
temperature. To remove the excess PVP, solution was dispersed in ethanol in 1: 3
(colloidal Ag solution: ethanol) ratio and centrifuge at 8000 rpm for 10 min.

During the synthesis of Ag-Cu alloys nanoparticles, AgNOsz and
Cu(NO3)2.3H,0 were dissolved in 50 ml of ethylene glycol separately. Ethylene glycol,
sodium borohydride (NaBH4) and polyvinylpyrrolidone (PVP) served as the solvent,
reducing agent and stabilizer, respectively. 4.2 gm of PVP was added in 100 ml of
ethylene glycol and sonicated until it completely dissolved in ethylene glycol. Both the
metal precursors and PVP solutions were transferred into three-necked round bottom
flasks, which was kept in an oil bath at a reaction temperature of 150 °C with a rotation
of 450 rpm for 4 h in an inert atmosphere inside the flask. Simultaneously, a solution
made of 0.42 gm of NaBH4 and 50 ml ethylene glycol which is placed in an ice bath,
injected into the former solution loaded in the flask at a rate of 2 ml/min. Fig. 3.1
illustrates the set-up for the synthesis of Ag and Ag-Cu alloy nanoparticles by poly-ol
method. After observing the color change from light blue to gray, the colloidal solution
was cooled down to room temperature. To remove the excess PVP, it was dispersed in
ethanol with a ratio of 1: 3 (colloidal Ag and Ag-Cu solution: ethanol) followed by
centrifugation at 8000 rpm for 10 min and washing step was repeated for three times.
Ag and Ag-Cu alloy nanoparticles were collected and dispersed in ethanol solvent. The
chemical reactions may occur during synthesis of alloy nanoparticles are as shown in

equations 3.1 and 3.2. The films were developed on the glass substrate using the
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formulated conducting Ag-Cu ink by pad printing process which was followed by

annealing at 450 °C for 20 min under different atmosphere such as Oz, N2 and Ho.
2Ag* + 4BH; + 8(0H)™ — Ag® + 4 B(OH); + 4H,0 (3.1)

4Cu?* + BH; + 8(0OH)™ - 4Cu® + B(OH); + 4H,0 (3.2)

Fig. 3.1 Set-up for the synthesis of Ag and Ag-Cu alloy nanoparticles by poly-ol
method.

3.2.2 Synthesis of calcium vanadium oxide (CaVO3)

A stoichiometric amount of Ca(NO3)..4H20 was dissolved in 8 M of de-ionized
water in a beaker. Simultaneously, C10H140sV was mixed with 635 pL of HNOs, and
dissolved in 8 M of de-ionized water. Both the aqueous solutions were mixed together
and stirred for 12 h. Films were deposited using drop cast technique onto different
RCA-1 cleaned soda-lime-silica glass substrates and followed by annealing at different
temperatures varying from 140 °C to 420 °C for 15 min.

3.2.3 Synthesis of pristine and strontium (Sr) doped zinc oxide (ZnO)
3.2.3.1 ZnO particles using three fuels

ZnO particles were synthesised through solution combustion process using zinc
nitrate (Zn (NOs)2) as oxidiser and three different fuels which are inexpensive and less
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volatile due to their low calorific values; urea ((—2.98 Kcal/g), citric acid (—2.76 Kcal/g)
and glycine (—3.24 Kcal/g). A stoichiometric quantity of all precursors used as per the
balanced chemical equations 3.3, 3.4 and 3.5 are as follows;

9 Zn(NO3), + 5 CgHgO, = 9 ZnO + 30 CO, + 9N, + 20H,0 (3.4)
9 Zn(NO3), + 10 C,H;NO, = 9Zn0 + 20CO, + 14N, + 25H,0 (3.5)

Three separate transparent precursor solutions were obtained by dissolving the zinc
nitrate (10 g) and individual fuel (urea: 5.28 g; citric acid: 5.63 g; glycine: 4.4 g) in DI
water (20 ml). Homogeneous solution was heated at 400 °C to initiate the combustion
reaction and resulted in the formation of voluminous, fluffy product and gases. Later,
the ascombusted powder was ground using agate mortar and pestle to obtain fine

powder and calcined at a temperature of 600 °C for 2 h.

3.2.3.2 Sr-doped ZnO particles using fuel-glycine

In this procedure, 10 g of zinc nitrate 0.1054 g of strontium nitrate and 4.4 g of
glycine were dissolved in 15 ml of water and stirred for 40 min separately. Three
separate precursor solutions were mixed and stirred for 15 min to obtain a stable and
clear solution. Homogeneous solution was heated at 300 °C to carry out the combustion;
as a result, voluminous, fluffy product and gases were produced. As-combusted powder
was further crushed using an agate mortar and pestle and calcined at a temperature of
600 °C for 2 h.

3.2.4 Measurement and characterization

Thermogravimetric analysis: Thermal behavior of the combustible precursors were
analyzed using thermogravimetric analyzer (TGA,; Perkin Elmer, Thermo-gravimetric
Analyzer TGA 4000) at heating rate of 10 °C/min in N2 atmosphere (30 ml/min).

X-ray diffraction studies: Phase formation and crystalline structure of the Ag, Ag-Cu
alloy, pristine and Sr-doped ZnO particles and films of Ag-Cu alloy and CaVOs
obtained using pad printing and drop-casting were characterized using XRD (XRD;
RIGAKU Miniflex 600) using Cu-Ka radiation at a scanning rate of 1-2 °/min.
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Calculation of Lattice parameter: Precise lattice parameter of the synthesized FCC Ag
and Ag-Cu alloy NPs was extrapolated using Nelson-Relay function. Hexagonal
closely packed structured ZnO particle’s lattice parameter was calculated using

Cohen’s analysis method.

Estimation of microstructural parameters: The correction of the instrumental
broadening Bnwi corresponding to the diffraction peaks was done using the following
equation 3.6 (Mote et al. 2012):

ﬁhkl = [(ﬁlekl)measured - (ﬁi%kl)instrumental]llz (3-6)

The mean crystallite size of the Ag, Ag-Cu alloy and ZnO particles were estimated

using Scherrer equation 3.7, as follows

KA
BrkiCosOpii

(3.7)

v

where 3 defines FWHM of the peak (in rad) and value of k is 0.9 for spherical particles,
0 is the Bragg angle (°), A is the wavelength of the Cu Ka radiation X-rays (1.541 A).
Apart from the instrumental X-ray peak broadening, crystallite size and lattice strain
are two components that contribute to the total peak broadening. Considering the two

components, the total peak broadening can be written as an equation 3.8.

Bri = Bp + Bs (3.8)

Equation 3.9 is obatined by substituting relations of broadening due to crystallite size

Bp = D Cosd and lattice strain fs= 4¢tand in equation 3.8.
v

ﬁhleOSHhkl = I;_/l + 485in0hkl (39)

In Williamson-Hall Iso-Strain Model (W-H ISM), crystal is assumed to be isotropic in
nature, in which strain induced in the particles are the same in all directions. Equation
3.9, which holds a straight line (y = mx + c¢) behavior and a plot is drawn by
considering BCosOnk and 4Sinbnw along the Y-axis and X-axis, respectively. Intercept
and slope of the extrapolated line are used to estimate the crystallite size and lattice
strain.According to Hooke’s law, stress (o) has a linear relation with strain within the

elastic limit and is given by o = Eeg, and it is valid only for the smaller strain. In
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Williamson-Hall Anisotropic Model (W-H ASM) deformation stress in all
crystallographic directions are uniform, the strain () is replaced by o/Enk in equation

3.9 and rewritten as equation 3.10. [23]:

kA 40sinBpy

BrkiCosOpy = e (3.10)

Enki

Equation 3.10 follows a linear trajectory (y = mx + c), a plot of y = fCosb6h
against x = 4Sin6ha /Enw. Intercept and slope of the extrapolated line are used to estimate

the crystallite size and deformed stress in the ZnO phase.
For the hexagonal crystal, Young's modulus relies on the crystallographic direction is
given by equation 3.11,

2

[h%(%)ﬂal/c)z ]

S11 [h2+((h+2k) )+( z/c)Z] +s33(al/c)4+(2513+s44)(h2+<

Epw = (3.11)

(h+2k)? )( 1/c)?

where S11, S13, Sz3, Sas, and Sy1, are the elastic compliances of ZnO and Sr doped

ZnO with values of 7.858 x 1072, —2.206 x 1071, 6.940 x 107*?, and 23.57 x 107 m?

N1, respectively.

In the Williamson-Hall Energy Density Model (W-H-EDM), ZnO and Sr doped ZnO
crystals are assumed to be isotropic in nature. Lattice strain energy ‘u’ influences the
constants of proportionality associated with stress-strain relation. According to Hooke’s

law, u = (¢2En)/2 and equation 3.9 can be modified as follows (3.12):

2u 1/2
ﬁhleOSQhkl = — + 4Sln9hkl ( hkl) (312)

. . . 1/2 .
A plot is obtained by taking B CosOpi; and 4sinBp (Ei) along the Y-axis
hkl

and X-axis. Slope and intercept of the extrapolated fitted lines are used to calculate the

lattice strain energy density ‘u’ and crystallite size ‘D, .

The Halder-Wagner (HW) method is an alternative equation for the
determination of Dy and € more precisely, the total peak broadening from H-W equation

(Izumi & lkeda, 2015) is given by following equation 3.13:

(M)Z = (). L 16,2 (3.13)

tanf Dy/ tan6.Sin@
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Equation (3.13) follows a linear trajectory (y = mx + ¢) in a same fashion as
equation (3.7). A plot is drawn by taking (Bp,x;/tand)? and B,/ (tanf.Sind) along
Y-axis and X-axis, respectively. The slope and intercept of the extrapolated fitted lines
are used to calculate the crystallite size ‘Dy’.and lattice strain (€) respectively, where
P, 4, € and Dy define the same as in equation. (3.7), but the value of k is 0.9 and 4/3
for W-H and H-W methods respectively.

Morphological studies: Transmission electron microscopy (TEM; JEOL JEM-2010,
Japan.) was used to understand the morphology and particle size of the Ag and Ag-Cu
alloy nanoparticles dispersed in the ethanol. The surface morphologies with elemental
analysis of the pad-printed Ag-Cu alloy and drop-casted CaVOs films were discerned
by using scanning electron microscope (JEOL model JSM 6380) with Energy-
dispersive X-ray spectroscopy. To understand the composition and chemical state of
elements present in the Ag-Cu alloy and CaVOs films, X-ray photoelectron
spectroscopy (XPS; PHI5000 Versa probe II) study was performed using Al Ka

radiation (~1486.6 eV) as an excitation source.

UV-vis Spectroscopy: The optical properties of Ag, Ag-Cu nanoparticles, CaVOs films
were analyzed using UV-Vis Spectroscopy (USB4000-UV-VIS, Ocean Optics).

Raman Spectroscopy: Raman spectra was measured with a Micro- Raman spectrometer
(Horiba Jobin Yvon) equipped with an integral microscope (Olympus BX 41) for better

understanding of molecular structure.

Fourier transform infrared spectroscopy: The FTIR spectra of the CaVO3 drop-casted
films were recorded by ATR mode in the wavenumber range of 4000-650 cm™ using
FTIR (FT-IR, MAGNA 550, Nicolet Instrument Co.) to understand the different modes

of element -element bonds.

Particle size and count analysis: The particle size distribution of ZnO and Sr-doped

ZnO particles were measured by particle size analyzer (Horiba SZ-100).

Thickness measurement: The film thickness was estimated by a step profilometer
(Ambios XP-2 Profilometer, SN 167).

Resistance measurement: The sheet resistance (Rs) of the processed films was measured

using a four-point probe instrument (SES Instruments Pvt. Ltd). Sheet resistances
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(average of several measurements at different positions on the samples) were evaluated
after considering proper correction factors based on sample geometries. The bulk
resistivity (p) of the films with thickness (t) can be estimated using following relation
(3.14):

p=RsXt (3.14)

3.3 Results and discussion

3.3.1 Characterization of synthesized silver (Ag) and silver-copper (Ag-Cu) alloy
nanoparticles

The maximum surface plasmon resonance peak was found at 410 nm and 470
nm for synthesized Ag NPs and Ag-Cu alloy NPs respectively and their values were
compared with the spectrum peak of the bulk Ag (320 nm) as shown in fig. 3.2. The
UV-Vis spectrum peak of bulk Ag was observed at 320 nm due to the inter-band 4d —
5sp transitions, but the redshift of the peak to around 410 nm may be due to the
occurrence of the plasmonic resonance phenomenon in the nano-dispersion of silver
metal (Henglein. 1993). The UV-Vis spectrum shows the characteristic plasmon

absorption peak which is due to the oscillation of free electrons.

(a) —Ag
(b) — Ag-Cu

Absorbance (a.u)

300 400 500 600 700
Wavelength (nm)
Fig. 3.2 UV-Visible absorption spectra of PVP capped nanoparticles of Ag and Ag-Cu
alloy.

Position of surface plasmon resonance peak shifting towards the red or blue end of the

optical absorption spectrum relies on many parameters such as nature of the metal
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nanoparticle, its size, shape, state of aggregation, and the surrounding dielectric
medium (Smitha et al. 2008). The peak of Ag-Cu lies in between the maximum
absorption spectra of pure Ag (410 nm) and Cu (575 nm) which are available reported
literature (Agnihotri et al. 2014; Rahman et al. 2015). The red shift of the surface
plasmon resonance band of Ag-Cu alloy NPs in contrast with those of the pure Ag (410
nm) confirms the formation of Ag rich Ag-Cu alloy, not the heterogeneous
monometallic particles of Ag and Cu metals (Huang et al. 2006). Broadening of the
SPR may be arisen from the particle agglomeration and large particle size distribution.
The position of the maximum SPR of the alloy NPs can be shifted by varying the molar

ratio of elements.

In order to study the crystallinity of as-synthesized Ag and Ag-Cu alloy NPs
and enumerate the crystallite size, X-ray diffraction measurements were carried out at
room temperature and patterns were recorded as shown in fig. 3.3 (a). Four intense
peaks of synthesised Ag nanoparticles were corresponding to the silver peaks and
matched well with the ICDD pattern of Ag (ICDD: 00-004-0783). XRD pattern of
synthesised Ag-Cu alloy nanoparticles showed intense peaks were positioned at ‘26’
equal to 38.86°, 45.15°, 65.19°and 78.24"; these patterns did not match either with pure
silver or pure copper literature reported values. The intensity of the diffraction peaks of
Ag-Cu is relatively lower than the intensity of the diffraction peaks of Ag. The intensity
of the peaks depends on the direction and degree of alignment of particles, types of
atoms and also the kind of radiation used. During alloying, the Cu atoms substitute the
Ag atoms in the Ag matrix, which is caused to the decrement of crystallinity and in
parallel strain will be induced. Both, the crystallinity decrement and induced strain, may
be the reasons for intensity reduction of diffraction peaks. The usage of Cu-Ka radiation
in lab-scale XRD instrument also could be another reason of intensity reduction. XRD
patterns were compared with reported standard ICDD pattern of Ag (ICDD: 00-004-
0783), there was a tiny shift of the peaks towards the smaller diffraction angle, which
confirmed the formation of solid solution of silver and copper. It was indexed as (111),
(200), (220) and (311) of FCC structure of the Ag rich Ag-Cu alloy (Choi et al. 2015).
Ag-Cu alloy nanoparticles synthesized by the polyol method possess Ag rich phase. In
the Ag rich phase Ag-Cu alloy nanoparticles, the peaks of the face-centred cubic (FCC)
copper are not detected as is expected for a very small volume fraction. The reported
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literatures revealed that peaks of Ag and Cu were not found in the Cu rich phase and
Ag rich phase of bimetallic Ag-Cu alloy nanoparticles respectively. The intensity of the
Ag and Cu peaks are pronounced in the Ag-Cu alloys XRD graph, when the Ag:Cu
feed ratio is increases and decreases respectively (Ang and chin, 2005). The lattice
parameter ‘a’ of each peak was calculated using the equations 3.15 and 3.16. h, k and |
are the miller indices of the crystal plane (Cullity and Stock 2014). The lattice parameter
of the Ag and Ag-Cu alloy nanoparticles obtained using equation 3.15 were
extrapolated from the graph of Nelson-Relay function versus lattice constant shown in
fig. 3.3(b).

_ A2 +2+k%) Y2
= s (3.15)
_ Cos?*@ Cos?6
F(e) B [sine + 0 ] (3'16)
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Fig. 3.3 (a) XRD pattern of Ag and Ag-Cu alloy NPs, (b) graph of Nelson-Relay

function as a function of lattice constant.

The values of ‘a’ and F(0) of all indexed peaks were plotted along the Y-axis and X-
axis respectively, the intercept of the linear fit straight line at y-axis was taken as lattice
parameter. Lattice parameter of Ag and Ag-Cu alloy NPs are found to be 4.077A and
4.034 A respectively. Lattice parameter values of the Ag-Cu lies in between the lattice
parameter of elemental Ag and Cu are 4.089 A and 3.615 A respectively (Linde, 1966).
Table. 3.1 shows the phases present and corresponding lattice parameters of Ag and
Ag-Cu samples. The marginal reduction of the lattice parameter attributed to the
formation Ag-Cu alloy NPs (Rahman et al. 2012), due to incorporation of Cu in FCC

Ag phase, is a good agreement with other experimental results (Singh et al. 2009).
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Table 3.1 Charactersitics of Ag and Ag-Cu alloy nanoparticles with phases present,

their corresponding lattice parameters and absorption peak position.

Sample Phase observed Lattice parameter (A°) Jmax (NM)
Ag Ag 4.077 415
Ag-Cu Ag-Cu (Ag rich phase) 4.034 470

Crystallite size was estimated using Scherrer equation and these values were
compared with W-H Iso-strain model (Venkateswarlu et al. 2010), H-W method and
TEM analysis results. A W-H and H-W plot were drawn as depicted in fig. 3.4 (a) and
(b). In W-H method, crystallite Size (Dv) and Strain (g) for Ag estimated to be 32 nm
and 3.15x107 and for Ag-Cu alloy NPs to be 45nm and 4.22x107. Whereas in H-W
method, crystallite size of Ag and Ag-Cu alloy NPs were calculated to be 27 nm and

38 nm, while strain was 7.04x107 and 4.28x10°3, respectively.
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Fig. 3.4 (a) Williamson Hall-ISM plot and (b) Halder—Wagner plot of Ag, Ag-Cu alloy

nanoparticles.
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Fig. 3.5 (a) depicts the TEM images of Ag NPs reveals the particles owned distorted
spherical morphology. The particles of Ag were broadly distributed in the range of 10
to 70 nm with an average particles size of 33 £ 19 nm as shown in fig. 3.5 (b). Fig. 3.5
(c) shows the synthesised Ag particles, which are capped with PVP, hence uniform and
stable dispersion of Ag NPs in the solvent is possible. The SAED pattern of Ag NPs
(fig. 3.5 (d)) suggests that particles are polycrystalline in nature which is in good
agreement with the X-ray diffraction studies. TEM images of Ag-Cu alloys NPs (fig.

3.6(a)) show the distorted spherical morphology of the particles. Ag-Cu particles were
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narrowly distributed in the range of 30 to 55 nm with a particle size of 48 £ 15 nm as
observed in 3.6 (b). The synthesised Ag-Cu particles are capped with PVP as shown in
fig. 3.6 (c), which enables the uniform and stable dispersion of Ag-Cu NPs in the
solvent. The SAED pattern of Ag-Cu NPs (fig. 3.6 (d)) suggests that particles are
polycrystalline in nature which is in good agreement with the X-ray diffraction studies
(Choi et al. 2015). The computed micro-structural parameters of polyol synthesised Ag

and Ag-Cu nanoparticles are tabulated in the Table 3.2.

(a) - . (b) Size : 33+ 19 nm
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Fig. 3.5 TEM images of (a) synthesized Ag nanoparticles after washing with ethanol,
(b) corresponding size distribution, (c) magnified view of nanoparticles and (d) SAED

pattern.
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Fig. 3.6 TEM images of (a) synthesized Ag-Cu alloy nanoparticles after washing with
ethanol, (b) corresponding size distribution, (c) magnified view of nanoparticles and
(d) SAED pattern.

Table 3.2 The estimated micro structural parameters of synthesized Ag and Ag-Cu

nanoparticles.

Scherrer

. W-H ISM analysis H-W analysis TEM

analysis .
Sample Du(nm) analysis
! Dv(hm) eX10% Dynm) &X103 D, (nm)

Ag 16 32 4.22 27 7.04 33+19
Ag-Cu 22 45 3.15 38 4.28 48 +15

In the Debye-Scherrer equation, peak broadening is only due to crystallite size. But in
case of W-H and H-W methods, peak broadening includes not only crystallite size but
also the lattice strain. This variation in crystallite size is largely attributed to the
considering the lattice strain in the samples. The values obtained from the W-H method
are more realistic than the H-W method (D Nath et al. 2020).
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To confirm the capping of synthesized Ag-Cu alloy NPs with PVP, FT-IR
characterization was done. FT-IR spectrum (fig. 3.7) was recorded in the range from
4000 cm™ to 400 cm™, in which structural properties of the PVP capped Ag-Cu alloy
NPs in ethanol was compared with PP in ethanol. The broad band at 3374.86 cm™ and
peak at 1045 cm signifies the O-H and C-O symmetric stretching of covalent bond in
ethanol respectively (Doroshenko et al. 2013; Vahur et al. 2016). PVP exhibits
characteristic absorption peaks in the FTIR spectrum at the frequencies 2975 cm™ and
2925 cm?, is attributed to the asymmetric and symmetric stretching of C-H
respectively. Further peaks at 1287 cm™ and 879 cm™ were due to the C-N stretching
mode and C-C aromatic vibration mode respectively (Bernabo et al. 2017). Absorption
peaks at 1657 cm™* and 1078 cm™ represent the C=0 and C-N stretching vibration in
PVP respectively. Due to the formation of bond and strong mutual interaction of PVP
chain with Ag-Cu alloy surface atoms, the peak at 1657 cm™ attributed to C=0
stretching was shifted to lower wave number 1638 cm™. Due to chemical coordination
with alloy atoms and C-N bond, the peak at 1078 cm™ was shifted higher wave number
1085 cm* (Chahal et al. 2010; Sumit Sarkar and Das, 2017).

(a) ——(PVP)
(b) —— PVP Capped Ag-Cu nano-alloy dispersed in ethanol

Transmittance [%]

3374
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3500 3000 2500 2000 1500 1000
Wavelenghth ch'1>

Fig. 3.7 FTIR Spectrum of (a) PVP and (b) PVP capped Ag-Cu alloys NPs dispersed
in ethanol.

Characterization of Ag-Cu alloy films

The conductivity of pad-printed Ag-Cu alloy films annealed at 450 °C for 20 min under
different atmosphere such as N2, H, and Oz was found to be 6.6+0.1x10°, 2.5+0.1x10°
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and 1.33+0.3x10° Sm™ respectively. The reported highest conductivity of silver is in
the order of 10’ Sm™ (Liu et al. 2013). Observing the conductivity of the Ag-Cu alloy
thin films annealed under different atmosphere were two orders less as compared to
the reported values of pure Ag. The reason behind the inferior conductivity may be due
to oxidation of Cu element into its oxide form. In order to investigate the cause for
lower conductivity, compared to pure Ag films were analysed through different

characterization techniques.
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Fig. 3.8 (a). XRD pattern of Ag-Cu alloy thin films annealed under different atmosphere
and Ag thin film annealed under O atmosphere (b). The lattice parameter of Ag, Ag-
Cu alloy film annealed under different atmosphere.

The XRD pattern of Ag-Cu thin films annealed under different atmosphere such
as Oz, N2 and Ha are reported in fig. 3.8 (a). In Ag-Cu thin films XRD patterns, only
reflections of silver solid solution are identified by an offset in comparison with pure
Ag peaks; is called as an Ag rich phase. The lattice parameter for the Ag-Cu alloy is
least for films annealed in N, atmosphere (4.05 A) and maximum at Oz atmosphere
(4.07 A) as observed in fig. 3.8 (b). This may be due to oxidation of copper, in which
oxygen may be reacted with copper to form copper oxides and leached from Ag-Cu
alloy. Formed CuO is segregated from the alloy and retained with Ag rich parent
structure (Hirsiméaki et al. 2005). The synthesised Ag-Cu alloy nanoparticles dispersed
in the ethanol to form ink and formulated ink was pad printed on the glass substrates.
During the annealing of the film in the H. atmosphere, the green pad printed pattern
consists of ethanol is oxidised into CO2 and H2O. In Ag-Cu films XRD, the presence

of oxidized CuO was not detected. The reason behind this could be that if any secondary
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phase in the parent system has smaller volume fraction, then the detection of secondary
phase is difficult using Cu-Ka radiation as an incident x-ray. Similar observations have

been found in the various systems such as rGO-ZnO nanocomposites (Meti et al. 2018).

Fig. 3.9 FE-SEM images (left side) and their corresponding EDX spectrum (right side)
of Ag-Cu films annealed at 450° C in (a) N, (b) Hz, and (c) Oz atmosphere.

The morphological feature and elemental composition of pad printed Ag-Cu
films annealed at 450 °C under Hz, N2 and O, atmosphere were determined as shown
in fig. 3.9. It exhibits a dense microstructure along with many micro droplets. Some
spherical structured morphology came out of the film as globules upon annealed in N2
atmosphere. Further, the size of the globules increased in the films which are annealed
in H2 and O atmosphere. In parallel, the relative composition of the oxygen element
was increased in the films annealed in Hz and Oz atmosphere, but it was less in the film

annealed in N2 atmosphere. The copper element in the Ag-Cu alloy system transformed
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to copper oxide upon reaction with atmospheric oxygen and segregated as different
morphology with noticeable size at the surfaces (Li et al. 1991). Increased amount of
oxygen and appearance of globules gave clues about the chance of oxidation of copper.
These copper oxides acted as undoped semiconductor, affected the electrical
conductivity of the film considerably (Sharma et al. 2013). Formation of globules could
be responsible for lowest conductivity of film annealed in Oz atmosphere, as the
globules leads to the formation of hillock. This abnormal growth could be due to the
formation of copper oxide as secondary phase embedded on the alloy films. These
problems can be minimized when the films are annealed in an inert environment such

as argon, helium or vacuum atmosphere (Sharma and Spitz 1980).
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Fig. 3.10 XPS Survey spectrum of Ag-Cu film annealed in different atmosphere.

XPS survey scan of the Ag-Cu pad printed film annealed in N2, H> and O3
atmosphere confirms the presence of Ag, Cu, O and C elements in the films by depicting
the binding energies appeared at around 24.1eV, 74.2 eV, 121.9 eV, 284 eV, 370.1 eV,
531 eV, 570 eV, 717 eV, and 931.3 eV represents O 2p, Cu 3p, Cu 3s, C 1s, Ag 3d, O
1s, Ag 3p, Ag 3s, and Cu 2p respectively, as shown in fig. 3.10. Further, to examine the
different chemical states of Cu atom in the films, Cu 2p spectra is deconvoluted into
two principal peaks centred at 931 eV and 932.4 eV, are correlated to the formation of
Cu® and Cu?*, respectively (Choi et al. 2015; Fortunato et al. 2001) as seen in fig. 3.11
(), (b) and (c). However, the peak intensity of Cu®at 931 eV is same as that of Cu?" at

932.4 eV. The area (eV.cps) under the curves represents the concentration of Cu®
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present in the films annealed under N2, H2 and O2 atmosphere are 6940, 6844 and 4365.
Concentration of Cu?* (eV.cps) in the films annealed under N2, Hz and Oz are 5596,
6124 and 4116. But the trend in the intensity ratio of Cu%/Cu?" increased in N
atmosphere as compared to Hz and Oz atmosphere shown in fig. 3.11 (d).
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Fig.3.11 Deconvoluted Cu2pz. peaks of Ag-Cu alloy film annealed (a) in N>
atmosphere, (b) in Hz atmosphere, (c) in O, atmosphere; (d) concentration of Cu®/Cu?*

as a function of annealing atmosphere.

In fig. 3.12 (a), (b) and (c), O 1s deconvoluted spectra, two peaks are observed
at 529.4 eV and 531.1 eV in all three films. The first peak at 529.4 eV corresponds to
0% in CuO and second peak at 531.1 eV can be attributed to the adsorbed oxygen
(Tbupoto et al. 2013). The area (eV. cPs) under curves represent the concentration of
O? in CuO in N2, Hz and O, and values are 3607.7, 3949.2 and 4029 respectively. The
concentration of O% in CuO can be observed a maximum in Oz atmosphere. It is quite
obvious that the presence of oxygen facilitates conversion of metals to metal oxides as
seen in fig. 3.12(d). Both factors (i) increased intensity ratio of Cu®/Cu?* and (ii) lesser

concentration of O% in CuO, lead to a higher conductivity in Ag-Cu films annealed in

76



N atmosphere in contrast to other atmospheres. The ratio of Cu%Cu?* in the Ag-Cu
films annealed under N2, H> and O atmosphere is found be 1.24, 1.17 and 1.06
respectively (Fig. 3.12 (d)). On the other side, the ratio of Cu?*/Cu? in the film annealed
under Oz atmosphere is higher than the film annealed under N2 and H, atmospheres. It
notifies that the more oxidation of Cu element has occurred in the film annealed under
O atmosphere than the film annealed under N> and H» atmospheres. Hence, it is a

strong evidence in support of the higher conductivity of Ag-Cu film annealed in N2

atmosphere.
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Fig. 3.12 Deconvoluted O 1s peaks of Ag-Cu alloy film annealed (a) in N2 atmosphere,
(b) in Hz atmosphere, (c) in Oz atmosphere; (d) Concentration of O%as a function of
annealing atmosphere.

In addition to this, the conductivity of pad-printed Ag-Cu alloy films annealed under
H> atmosphere is relatively higher than the conductivity of Ag-Cu alloy films annealed
under Oz atmosphere, but the not in appreciable manner. The reason behind this could
be the during the annealing of the film in the H> atmosphere, the green pad printed

pattern consists of ethanol is oxidised into CO, and H20. The moisture caused to
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promote the oxidisation of Cu to copper oxides (CuQO). The formed CuO gets reduced
to again to Cu using the Hz present in the surrounding. Since the annealing time was
shorter, the reduction of CuO to Cu in H2 atmosphere might not have done efficiently
(Yabuki et al., 2010). Fig. 3.12(d) revealed that presence of copper oxide in films
annealed under O is more than in the films annealed under H, atmosphere and clearly

stating that some percentage of CuO is reduced to Cu under Hz atmosphere.

3.3.2 Characterization of calcium vanadium oxide (CaVOs3)

The probable solution combustion synthesis reaction may be happened during the
formation of CaVOs is presented as equation, 3.17.

5Ca(NO5), + 5C;oH;,05V + 38HNO; — 5CaV0; + 54H,0 + 50C0, + 9N, (3.17)

Redox reaction between oxidizer and reducer evolves enormous amount of heat energy
which incurs the conversion of metal precursors into metal oxide (calcium vanadium
oxide); it is not only restricted to the formation of the CaV O3, also forms CaV.0s and
Ca2V20y7 as secondary phases. Intensity of the redox reaction depends on the number
of electrons of the two compounds taking part in the reaction. More complexation of
metal ions in the form of ligand prevents electrons of metal precursors to take part in
the redox reaction, hence the intensity of the combustion reaction is minimized (Gupta
et al. 2018).
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Fig. 3.13 TGA of dried gel prepared by vanadyl acetyl acetonate and calcium nitrate as

fuel and oxidizer.
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The TGA and its 1% derivative are shown in fig. 3.13. About 90 % of weight loss is
found at temperature 118 °C, which is attributed to the occurrence of the combustion
process. Further, a small amount of weight loss at 392 °C, indicates the oxidation of
unstable calcium vanadium oxide to stable oxides namely calcium vanadates (CazV207)
(Fukushima et al. 1998). Fig. 3.14 (a), shows the influence of annealing temperature on
conductivity of the calcium vanadium oxide (CVO) films, annealed at different
temperatures ranging from 140 °C to 420 °C with an equal interval of 20 °C for 15 min

under ambient conditions.
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Fig. 3.14 (a) Conductivity of CVO films as a function of annealing temperature. (b)
Conductivity of CVO film annealed at 140 “C in natural aging test.

The conductivity of CVO ~ 3 S.cm™, is found with an annealing temperature of 140
°C. Further, it is decreased gradually with increase in annealing temperature up to 400
°C, whereas CVO film annealed at 420 °C is insulating in nature. The conductivity of
CVO films is temperature dependent, showed a decreasing trend as the annealed
temperature increases and became insulating at a temperature above 400 °C (Beck et
al. 2018). The reason behind the transition from metal to insulator may be due to the
appearance of insulating phases of CVO, as explained in the X-ray diffraction analysis
(Garcia-Jaca et al. 1995). Higher annealing temperature promotes oxidation; induces
additional scattering which transform conducting CVO films to insulating one,
contradictory to the case of LaTiOs and other TCOs (Fukushima et al. 1994). The
stability of the electrical conductivity of CVO film annealed at 140 °C was studied in
natural aging test with respect to time (hrs), as shown in fig. 3.14 (b). The electrical
conductivity of CVO film is in the range of 1 S.cm™ to 3 S.cm™, when aging was
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performed at ambient for 180 hrs. The factors such as residual stress, micro structural
defects recovery, oxygen adsorption and desorption, affect the conductivity of the films
(Chen et al. 2005).

The XRD patterns of the solution combustion processed CVO films annealed at
different temperatures, are shown in fig. 3.15. XRD revealed the CVO films annealed
at lower temperatures (140 °C -160 "C) possess less crystalline in nature; it might be
due to heat released in exothermic reaction was insufficient for complete conversion of
complex metal precursor to metal oxides and incomplete decomposition of the organic
constituents. The films annealed beyond the 160 °C temperature, the intensity of XRD
patterns started increasing and at higher annealing temperatures (220 °C - 420 °C) the
films showed high crystallinity. Here, three phases were evolved namely CaVOs3
(conducting phase), CaV20s and Ca,V207 (insulating phase). Presence of phase
Ca2V20y7 hindered the conductivity of the films because of its dielectric property. But,
phase CaV.0s was conducting to a smaller extent, because CaVnOzn+1 OXides were
strongly correlated materials (Anisimov 2010). All the peaks of three phases CaVOs,
CaV20s, and Ca,V207 in the figure were exactly matching with their respective ICDD
card numbers 00-014-0127, 01-087-0953, 01-072-2312.
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Fig. 3.15 XRD patterns of solution combustion processed CVO films as function of
annealing temperature; CaVOs (*); CaV20s (¢); Caz2V207 (e).

In the XRD pattern of film annealed at 140 °C, peaks appeared at 20 = 26.46° and 30.7°
confirmed the formation of CaVOs phase and peak appeared at 260 = 51.06° confirmed
the formation of CaV.0s phase. Due to the presence of CaVO3 phase along with

CaV.0s phase, the film exhibited high conductivity at the low annealing temperature.
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As the annealing temperature of the film crosses 160 °C, insulating Ca>V.0-7 phase
appears. The intensity of peak related to Ca>V207 phase was increased as the annealing
temperature (180 - 420 °C) increases. As the annealing temperature is increased, peaks
of CaVOs phase were reduced. At high annealing temperatures (280-420 °C), peaks
signify the CaVOs phase were completely disappeared. The formation of insulating
CazV207 phase and also disappearance of conducting CaVO3 phase at higher annealing
temperature, reduces the conductivity. At high annealing temperature 420 °C, a
predominant formation of insulating Ca,V207 phase made the film an insulator.
Raman spectra of CVO films annealed at different temperatures are shown in
fig. 3.16 (a). The noticeable vibration region of the vanadium oxide lies in the region
of 1200-100 cm range. Depending on the behaviour of molecular vibrations, Raman
spectra of vanadium oxides split into three segments, stretching of V-O lies at 1050-
770 cmt, the V-O-V stretching lies at 800-400 cm™ region(symmetric at 500-400 cm*
and asymmetric at 800-600 cm™) and bending mode at 400-150 cm* respectively (Deo
et al. 1990). The vanadyl (V-O) stretching mode is shifted to left i.e., towards lower
frequencies, with an increase in annealing temperature. The empirical formula relates
Raman stretching frequencies of V-O bonds to the bond length in vanadium oxide
compounds as shown in equation (3.18) (Deo et al. 1990):
v = 21349 exp (—1.9176R) (3.18)

where v and R are the Raman stretching frequency in cm™ and bond length in A
respectively. The vanadyl V-O stretching mode appears at lower frequencies for shorter
bond length with high annealing temperature, whereas it shifted to a higher frequency
for longer bond length with low annealing temperature. Shifting of V-O stretching
mode to lower frequencies confirmed the evolution of insulating phase (Ca2V207) at a
higher temperature. The stretching mode of V-O in the CVO films annealed in the
temperature range 140 °C -180 °C is found at higher frequencies, which indicates the
presence of conducting phase (CaVOs. Two modes appeared at 320-340 cm™ and 810
cm stipulated the transition of CaV2Os phase (Popovic et al., 2002). In addition, peaks
due to the bending mode of V-O-V shift to higher frequencies. Formation of stable
vanadium oxide V.0Os from metastable VO, due to oxidation makes two major peaks
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nearby (Urefia-Begara et al. 2017). Peaks shifted to lower frequencies confirmed the
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Fig. 3.16 (a) Raman spectra and (b) FTIR spectra of CVO films as function of annealing

temperature.

CVO films are further analysed by FTIR spectra as shown in fig. 3.16 (b). The
stretching and bending vibrational IR active modes of vanadium —oxygen appear in the
range of 600-1100 cm™. A distinct sharp medium band is observed from 600-800 cm™,
where the peaks at ~ 620 cm™ and ~ 740 cm™ are attributed to bending vibration of V-
O and asymmetric stretching mode of V-O-V respectively (Ardelean et al. 2004; S
Sarkar et al. 2014). Strong broadband is observed in the range of 800-1060 cm™ and
the peaks at ~820 cm™ and ~1005 cm™ are attributed to symmetric stretching of V-O-
V and V-O. IR spectra of the films annealed at higher temperature 340 °C and 420 °C
showed strong stretching modes of V-O bond which is shifted to ~956 cm™ due to
presence of pyrovanadates, particularly the insulating phase Ca,V207 (Frederickson
and Hausen 1963; Gu & Yan 2009).

The morphologies of the films annealed at different temperatures were analysed by
SEM as shown in fig. 3.17. Films possesses highly porous granular structure with
nanosized feature, but percolation path in between grains are responsible for
conductivity. The presence of pores in the films is mainly caused by the release of
different types of gases such as CO2, N2 and H>O. The compositional analysis of the
CVO films at annealed at 180 and 340 °C temperature was studied using EDS as shown
in fig. 3.18. The spectrum confirms the presence of calcium (Ca), vanadium (V),
oxygen (O), carbon (C) and nitrogen (N) as major elements. The weight percentage of
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elements C and N is diminished in the film annealed at 340 °C, this could be due to the

decomposition of unburnt carbon and nitrate precursor.

Fig. 3.17 SEM of CVO films annealed at different temperatures (a) 140 °C, (b) 180 °C,
(c) 220 °C, (d) 280 °C, (e) 340 °C and (f) 420 °C.
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Fig. 3.18 EDS spectra of CVO films annealed at (a) 180 °C and (b) 340 °C.

In order to understand the augmentation in resistivity of the films in response to
annealing temperature are analysed by XPS. The XPS wide scan and Ca 2p core level
spectra of the CVO films annealed at 180 'C and 340 "C are shown in fig. 3.19 (a).
Presence of carbon, calcium, vanadium, oxygen elements are confirmed from XPS
peaks centred at 283 eV, 345 eV, 515 eV, and 531 eV respectively and represents the
C 1s,Ca2p, V 2p, N 1s and O 1s core level in both the CVO films, are well matched
with reported literature (Y. Liu et al. 2016; X. Pan et al. 2014). The Ca 2p core level
XPS spectra is shown in fig. 3.19 (b) where the presence of single doublets, reveal the
same chemical environments present in all perovskites (Dudric et al., 2014).
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Fig. 3.19 (a) XPS wide scan and (b) Ca 2p core level spectrum of calcium vanadium
oxide annealed at 180 °C and 340 °C.

The peaks at 346.7 and 350.2 eV corresponds to Ca 2p12 and Ca 2ps2, with an
intensity of ratio 2: 1 and difference in their binding energies of 3.5 eV, indicates the
presence of Ca?* (Chu et al. 2013; Zhang et al. 2012). In order to find the valence state of
vanadium such as V3*, V*" and V°* in the CVO films (annealed at 180 °C & 340 °C),
the V 2p peak was deconvoluted as shown in fig. 3.20 (a) and (b). Details of the V 2p3/2
core level curve fitting are given in Table 3.3. The V 2p3/2 peak was deconvoluted into
two peaks at binding energies of 516.4 eV and 516.9 eV, assigned to V** and V°* in the
CVO film annealed at 180 °C; whereas in the CVO film annealed at 340 °C, V** and
V°*were centred at binding energies of 516.3 eV and 516.8 eV, respectively. XPS data
of both V** and V°* are in good agreement with reported literature (Silversmit et al.
2004).

Table 3.3 XPS fit parameters for the V 2p annealed at 180 °C and 340 °C.

Annealing Core level Binding FWHM Area (cps-eV)
temperature energy (eV)
V>* 2p3r 516.9 0.82 1935.5
180 °C
V4 2p3r 516.4 0.66 2100.6
V> 2psp 516.8 0.96 2627.0
340 °C
V4 2p3r 516.3 0.77 1670.0
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The vanadium system is very rich due to many valence states of vanadium
ranging from V3* to V°*. In vanadium oxide films conducting oxide VO, (V*)
transforms to insulator oxide V.05 (V°*) with increase in temperature due to oxidation
of V# to V®* (Y. Liu et al. 2016). Elemental state of vanadium in CaVOs3 and CazV.0y
are 4+ and 5+ respectively. Area enclosed by V4" and V®* in V 2ps2 XPS spectra were
almost the same in CVO film annealed at 180 °C; whereas in CVO film annealed at
340 °C, area encompassed by 4+ valence state became smaller and area enclosed by 5+
valence state was enlarged. Substantial presence Ca,V2>07 phase compared to CaVO3
makes the resistivity to a higher value in CVO films annealed at elevated temperature.
Presence of carbon in the films annealed at 180 °C and 340 °C is examined in fig. 3.20
(c) and carbon content is diminished with increasing temperature. Though, the impurity
composition is decreased in the films annealed at higher temperature, but the

conductivity is not improved because of the non-conducting phase.
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Fig. 3.20 V 2p spectra of CVO films annealed at (a) 180 °C (b) 340 °C and (c) C 1s
spectra of CVO films annealed at 180 °C and 340 °C.
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3.3.3 Characterization of undoped and strontium doped zinc oxide particles
3.3.3.1 ZnO particles using three fuels

TGA helps to understand the pathways of combustion synthesis. Fig. 3.21 shows
the TG thermographs and its derivative of a precursor gel of each fuel system. TG
thermographs depicted the mass loss occurred in multi-steps in the urea and citric acid
fuel-system, whereas in glycine fuel-system mass loss was found in a single step. In
SCS, a volume of the precursor solution was preheated near to the boiling point of the
solvent, where evaporation of free and bound water was taken place (phase I). The
persistent weight loss in all fuel system up to 130 °C is observed, it may be due to

evaporation of free and desorption of chemically absorbed water molecules.
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Fig. 3.21 Thermogravimetric analysis of dried gel, (a) urea, (b) citric acid and (c)
glycine. Phase I, Phase-Il and Phase-Ill of the weight loss are represented by grey,

orange and white color. The inset shows the colour of powder after the calcination at
600 °C.

In phase II, at a particular temperature, weight loss takes place due to combustion,

accompanied by liberation of heat and gases is called ignition temperature.
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Considerable weight loss was found at 170 °C & 216 °C in citric acid and glycine fuel-
system respectively, whereas in urea fuel-system, mass loss took place at temperatures
128 °C and 318 °C. The sudden weight loss attributed to the escape of an enormous
amount of by-product gases evolved during combustion. In urea fuel-system, weight
loss of 35 % was occurred between 128 °C and 318 °C. Removal of excess carbonaceous
impurity was done in phase Ill; as the weight loss of approximately 6 %, 15 % and 3
%, respectively in the temperature range 450 °C to 600 °C was due to the incineration
of carbonaceous residue led to the evolution of CO> gases. In citric acid fuel-system,
weight loss in distinct stages could be attributed to the formation of intermediate
compound namely citraconic or aconitic acid, which are pyrolytic by-product of citric
acid. TG thermographs (fig. 3.21 (b)) depicts the weight loss of ~16 % up to a
temperature of 400 °C, which may be due to the decomposition of aconitic acid or
citraconic acid.

The XRD patterns of solution combustion synthesized as-combusted and calcined at
600 °C for 2 h of ZnO as shown in fig. 3.22, confirmed the formation of ZnO with
wurtzite structure in all three cases. The reflections are found at an angle (260) of 31.7°,
34.4°, 36.3°, 56.6° and 62.9°, which are indexed as (100),(002),(101),(110)and
(103) planes (ICDD-01-079-0205). The peaks at an angle (20) 0f 47.6°, 67.9° and 69.2°
correspond to (1 0 2), (1 1 2) and (2 0 1) planes. Fig. 3.22 (b) XRD pattern of the
calcined ZnO particles reveals that the carbonaceous impurity in the calcined ZnO
particles is reduced and the reflections of calcined ZnO nanocrystalline powder are

become sharper.
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Fig. 3.22 XRD patterns of solution combustion synthesized (a) as-combusted and (b)

calcined ZnO particles.
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The precise lattice parameters of the as-combusted and calcined ZnO of wurtzite
structure were calculated by using Cohen's method. The steps involved in the
calculation of precise lattice parameter of as-combusted ZnO particles synthesized
using fuel-urea is shown in Table 3.4. The estimated precise lattice parameters ‘a’ and
‘c’ using Cohen’s analysis is shown in fig. 3.23 (a). Unit cell volume (V) and bond
length (1) of the Zn-O are calculated using the following relations (3.19 and 3.20) and
results are summarized in fig. 3.23 (b).

V=\/§azc

= 0.866a%c (3.19)

| = [“? r e (2o u)z]m (3.20)

2
Where parameter ‘u’ is defined as u = ;7 + 0.25.

Table 3.4 Spread sheet of cohen’s analysis for the calculation of precise lattice

parameter ‘a’ and ‘¢’ of ZnO powder (combusted using fuel-urea).

20 (deg) 0 (rad) hkl a y o Sin6
31.280 0.2731 100 1 0 0.269 0.2695
34.493 0.3012 002 0 4 0.320 0.2964
36.325 0.3172 101 1 1 0.350 0.3117
47.625 0.4158 102 1 4 0.545 0.4037
56.687 0.4950 110 3 0 0.698 0.4747
62.956 0.5497 103 1 9 0.793 0.5221
68.043 0.5941 112 3 4 0.865 0.5595
69.177 0.6040 201 4 1 0.873 0.5676

Employing the cohen’s method
3.5089 = 38A+ 30B + 10.1449C
5.1282 = 30A + 131B + 15.2905C
1.0966 = 10.1449A + 15.2905B + 3.2253C

A

= W = 518A

G=W=3.2362A, (4
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The results attained from the Scherrer equation, W-H ISM, W-H ASM and W-H EDM
are tabulated in Table 3.5. Plots of W-H ISM, W-H ASM and W-H EDM for the
calculation of crystallite size are shown in Appendix I. The average crystallite size of

the as-combusted and calcined ZnO particles obtained from various models are almost

similar; it implies that effect of the strain inclusion on the average crystallite size of

ZnO particles has a negligible impact. Crystallite size of calcined ZnO particles is larger

in comparison with as-combusted ZnO particles obtained from the same fuel system;

the sufficient energy may have supplied to growth of the crystallites and caused to the

formation of large crystallites.

Table 3.5 The estimated microstructural parameters of synthesized ZnO powder.

Crystallite size using different methods

ZnO from the different fuel Scherrer W-H ISM W-H ASM W-H EDM
system Dv Dv o Dv u
Dv(mm)  (nm) ex 107 (nm)  (MPa)  (nm)  (kI-m?)
Urea (before calcination) 24 25 0.649 25 28 27 3.2
Urea (after calcination) 31 40 0.941 41 111 42 54.6
Citric Acid (before calcination) 20 22 0.025 23 49.4 22 8.85
Citric Acid (after calcination) 29 31 0.46 31 31.3 31 3.93
Glycine (before calcination) 27 28 0.132 28 10.8 28 4.35
Glycine (after calcination) 34 42 0.678 43 86.1 43 31.7

The surface morphology and particle size distribution of the calcined ZnO particles are

presented in fig. 3.24. ZnO particles obtained from the urea-fuel system possessed an

irregular shape. Around 45% of powder are of sub-microns with mean particle size of
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0.4 um and remaining particles are ranging from 5 to 8 microns with mean particle size
of 7.5 um. Spherical and short rod shape morphology is observed in the ZnO particles
processed with citric acid as fuel. The size of 50 % particles lies in between the 0.5 to
2.5 microns with mean particle size of 0.94 microns. Another 50 % particles, whose
size are varying from 4 to 7.5 microns uniformly with a mean particle size of 5.7
microns. Unlike the two cases, ZnO powder prepared from the glycine has fine-
spherical shape with mean particle size of 0.84 microns. The ZnO particles obtained
using glycine fuel exhibited uniform morphology. This uniform morphology of the
particles helps in the formation of more chemisorbed oxygen species on the surface.
Hence, the detection of gases can be performed effectively using ZnO particles prepared

from the glycine fuel.
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Fig. 3.24 SEM images of calcined ZnO powders and particle size distribution using

fuel (a) urea, (b) citric acid and (c) glycine.
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3.3.3.2 Sr-doped ZnO particles using fuel-glycine

Fig. 3.25 (a) depicts the TG thermographs and its derivative of a precursor gel of
zinc nitrate, strontium nitrate and glycine. Continuous weight loss up to 140 °C is due
to the evaporation of free and bound water. In SCS, removal of solvent takes place in
the phase I, thereby persistent mass loss is found up to the boiling point of water. In
phase 11, a sudden weight loss is observed at a temperature ~ 196 °C, this is due to a
redox reaction between both the oxidizers (Sr (NOs)2 and Zn(NOs)2) and reducer
(C2HsNO»), which is accompanied by the liberation of heat and by-product gases. The
similar combustion reaction was noticed at 216 °C to obtain undoped ZnO from zinc
nitrate- glycine, reported in the previous section. Removal of excess carbonaceous
impurity is accomplished in phase Ill; weight loss of about 20-25 % is found in the
temperature range from 450 °C to 600 °C, is due to the decomposition of by-products
such as HCNO and CO leads to the evolution of CO. and N2 gases. Further, no loss of
mass is found above 500 °C, it confirms the stability of Sr doped ZnO at a higher
temperature. Synthesized Sr-doped ZnO particles have a mean particle size of 0.45 +
0.13 microns and is shown in fig. 3.25 (b).
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Fig. 3.25 (a) TG and DTG spectrum of precursor gel of zinc nitrate-strontium nitrate-
glycine system and (b) particle size distribution of Sr-doped ZnO.

3.4 Conclusions

Ag and Ag-Cu alloy NPs capped with PVP were synthesized by two step
reduction polyol method with an average size of 33+19 and 48+15 nm respectively. In

UV-visible spectroscopy, absorption maxima of Ag and Ag-Cu alloy NPs dispersed in
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ethanol appeared at 410 nm and 470 nm respectively. The calculated lattice parameter
of Ag and Ag-Cu alloy NPs were ~4.077 A and ~ 4.034 A respectively.

Calcium vanadium oxide films were fabricated through solution combustion
synthesis technique and annealed at different temperature from 140 °C to 420 °C. The
conductivity of the CVO films annealed at 140 °C possessed conductivity ~ 3 S.cm™
was observed in ambient. Evolution of conducting phases (CaVOs, CaV20s) and
insulating phase (Ca;V207) at low and high annealing temperature respectively,
influence the conductivity of the films. Transformation of conducting phase to

insulating was predominant at annealing temperature of > 400 °C.

Phase pure, non-stoichiometric, highly reactive, nanocrystalline pristine and Sr-
doped ZnO with wurtzite structure was synthesized by SCS route and calcined at 600 °C
for 2 h. The microstructural parameters such as crystallite size, lattice distortion g, stress
o and lattice strain energy density u of pristine and Sr-doped ZnO were estimated using
W-H ISM, W-H ASM and W-H EDM models. Synthesized ZnO particle exhibited
spherical morphology with a binomial distribution for urea and citric acid, where as a
monomial distribution was observed in pristine and Sr-doped ZnO with glycine as a

fuel.
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CHAPTER 4

FORMULATION OF PARTICLE-FREE AND PARTICLE BASED
SCREEN PRINTING INKS

4.1 Introduction

This chapter deals the formulation of screen printable particle free and particle-
based metal and metal oxide inks. The combustible molecular precursor-based particle
free metal (Ag) and metal oxide (ZnQO) screen-printing inks were formulated, which
help in overcome the frequent practical problems associated with particle-based screen-
printing inks such as clogging of pores in the screen mesh, which caused to the distorted
printed patterns in the further printing. In addition, the formulation of this, ink is cost-
effective and can be prepared in less-time than the conventional particle-based screen-
printing inks. The conventional particle-based metal oxide (ZnO and BaSnO3) screen
printing inks were also formulated using eco-friendly binder and solvents. Rheological
properties such as viscosity, viscoelastic region, and change over point of the
formulated particle-free screen-printing inks were studied. Thermal behaviour of the
particle free silver inks, and individual organic vehicle for the particle based of screen-
printing inks were carried out, which gave an exact idea about the required annealing

temperature for the fabrication of screen-printed films with minimal carbon content.

4.2. Experimental procedure
4.2.1 Materials

All reagents were of analytical grade and used without further purification.
Silver nitrate (AgNO3; Sigma-Aldrich, purity > 99.0%), citric acid (CeHgO7; Sigma,
purity > 99.5%), zinc nitrate hexahydrate (Zn (NOz)2 6H20; SRL Pvt. Ltd India (99 %
purity)), glycine (CoHsNO»; SRL Pvt. Ltd. India (99% purity)), sodium-carboxymethyl
cellulose (Na-CMC; Loba Chemie Pvt. Ltd. India), hydroxyethyl-cellulose (HEC;
Sigma-Aldrich), and de-ionised (DI) water were used.
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4.2.2 Formulation of particle-free screen-printing inks

4.2.2.1 Formulation of particle free silver screen printing inks.

The steps involved in the formulation of particle free screen-printable inks using
AgNO3, CeHgO7, Na-CMC and water are shown in fig. 4.1. A stoichiometric quantity
of AgNOs and CsHgO7 were taken according to the balanced equation 4.1 (Salian et al.
2019) and dissolved in the DI water separately. Both solutions were mixed and stirred
at 350 rpm for 1 h and the formed precipitates were filtered out to get clear solution. 5
wt. % Na-CMC was added into the filtered solution and stirred at 150 rpm for 12 h.

AgNO; + CgHgO, + [CoH, 0, (OH), (OCH,COONa), ], — Ag + CO, + N + H,0 + CH,COOH +
0.6 [C¢H,0,(0H), (OCH,COONa), ], +
heat ... (4.1)
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Fig. 4.1 Schematic representation of the formulation of screen-printable particle-free

silver ink.

4.2.2.2 Formulation of particle free ZnO screen printing inks.

Aqueous combustible molecular precursor-based particle free screen printable
ink was prepared by dissolving 10 g Zn (NO3), and 8 g CoHsNO> into 20 ml of DI water
using a magnetic stirrer. 2g of biodegradable binder Na-CMC was added into the
precursor solution and stirred at 50 rpm for 4 h. The steps involved in the formulation
of screen-printable particle free ZnO inks using earlier mentioned precursors are shown
in fig. 4.2.
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4.2.3 Formulation of particle-based screen-printing inks

4.2.3.1 Particle-based pristine and Sr-doped ZnO screen printing inks

The screen-printing inks of undoped and Sr-doped ZnO were prepared by mixing
synthesized ZnO and Sr-doped ZnO powder as a functional material with viscous
organic vehicle consist of 5 wt. % of Na-CMC binder and 10 ml of DI water. Hence,
the formulated ink was made of functional material and an organic vehicle in a weight
ratio of 60:40.

4.2.3.2 Particle-based pristine and La-doped BaSnOs screen printing inks

The synthesised BaSnOz and La-doped BaSnO3 powders as functional material were
rigorously mixed with an organic vehicle; where organic vehicle was prepared by
dissolving the 5 wt. % of hydroxy ethyl cellulose binder in 10 ml of DI water.
Thixotropic pastes were made by mixing functional material and organic vehicle in a
weight ratio of 60:40.

4.2.4 Characterization

Rheological properties: Rheological behavior of the formulated particle-free silver inks
was investigated using plate-plate rheometer (REOPLUS, Anton Paar) at room
temperature (25 °C). The viscosity of inks at different shear rate varying from 1 s to
1000 s! were measured by the steady-state flow step (SSFS) test. Formulated inks were

subjected to peak hold step (PHS) test in order to elucidate the rheology during printing
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at specified shear rates in three intervals. Oscillatory shear measurements were
conducted in a stress sweep step (SSS) test at a constant frequency of 1 Hz to understand

the changes in ink structure and determine the linear viscoelastic region (LVR).

Thermogravimetric analysis: Thermal behaviour of particle-free screen-printing inks
and organic vehicle of the particle-based screen-printing inks were analyzed using
Thermo-gravimetric Analyzer (TGA 4000; PerkinElmer), at a heating rate of 10 °C/

min in dynamic N2 atmosphere.

Structural analysis: Functional groups of particle-free screen-printing inks and organic
vehicle of the pristine and Sr-doped ZnO screen printing inks containing organic binder
and solvent were characterized by FTIR (FTIR, MAGNA 550, Nico-142 let Instrument
Co.).

4.3 Results and Discussion

4.3.1 Particle-free screen-printing inks

The present novel combustible molecular precursor-based particle free screen-
printing ink may overcome frequent practical problems associated with particle-based
screen-printing inks such as clogging of pores in the screen mesh, which caused to the
distorted printed patterns in the further printing. In addition, the formulation of this ink
is cost-effective and can be prepared in less-time than the conventional particle-based

screen-printing inks.

4.3.1.1 Particle-free silver screen printing inks

Screen-printable particle-free inks, consisted of silver nitrate, citric acid, and
organic vehicle (Na-CMC and water), are formulated. In the solution combustion
process, redox reaction occurs between silver nitrate and citric acid, which leads to the
formation of metallic silver from its precursor, simultaneously there is an evolution of
heat due to combustion. The amount of heat which is liberated helps in burn-out the
organic vehicle present in the screen-printable ink. Three different screen-printable inks
were formulated by varying the concentrations (wt.%) of water and the silver nitrate
loading in the inks was estimated as 14 % (Ink-1), 18 % (Ink-2), and 22 % (Ink-3). The
weight of the constituents present in the three formulated inks are tabulated in Table
4.1.
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Table 4.1 The weight of compositions of the screen-printable inks.

Wt. of AgNOs Wt of citricacid ~ Wt. of Na-CMC  Wt. of water

(gms) (gms) (gms) (gms)
Ink-1 2 0.75 0.45 12
Ink-2 2 0.75 0.45 8
Ink-3 2 0.75 0.45 6

Viscosity, percentage of viscosity recovery and its time during printing at the different
shear rate were determined. Elastic/storage (G") and viscous/loss (G") moduli were
calculated as a function of shear stress. All formulated inks exhibit shear thinning
thixotropic behavior in which viscosity decreases with an increase of shear rate, as
shown in fig.4.3 (a). The viscosity of formulated inks increase as the precursor loading
is increased; the reason behind this may be the enhanced interaction between the
precursors and organic vehicle. The viscosity of Ink-1, Ink-2, and Ink-3 at a shear rate
of 1 s was 210, 328, and 454 Pa.s, respectively. The higher solvent content Ink-1
exhibited the lower viscosity than the Ink-2 at shear rate < 322 s. At higher shear rate,
the Ink-1 exhibited comparable viscosity with the Ink-2 and slightly higher than Ink-3.
The reasons behind the increment in viscosity of Ink-1at higher shear rate could be
because of higher solvent content in Ink-1 creates poor network between the binder and
solvent, results into the low viscosity at low shear rates. As the shear rate increases, due
to poor compatibility between binder and solvent the stress clusters are introduced.
These stress clusters cause to the extensive friction in the ink; hence the viscosity is
increased (Wen lin et al. 2008). On the other side, spill or ejection of ink-2 at higher
shear rates during the experiment may be caused to the decrement of the viscosity (Liu
et al. 2021).

Considering the printing speed of 50 mm s, the gap between the squeegee and
mesh was ~ 250 pum, and shear rate applied is 200 s** during the printing. Peak hold step
test helps to understand the rheology of the inks during printing in which inks are
subjected to different shear rate (0.1, 200 and 0.1 s%) in three intervals 0 to 30 s, 30-60
s, and 60-180 s, respectively and is shown in fig. 4.3 (b). Obviously, due to higher
solvent content (~ 77 %), Ink-1 possess low viscosity, which is nearly 297 Pa.s at first

interval (ink on the mesh before printing) and reduces to 2.73 Pa.s in interval Il (during
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printing). After the printing, recovered viscosity is about 82 % at 80 s and 88 % at 110

s. The viscosity recovery of the formulated inks after the printing is shown in Table 4.2.
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Fig.4.3 (a) Viscosity as a function of shear rate. (b) Rheological behavior during screen
printing. Indigo colour shows the printing process.
Table 4.2 Variation of viscosity (Pa.s) of the different formulated inks during printing

process at ambient condition.

01s'@ 200s'@ 01s'@ Recovery@ 01s'@ Recovery @

20s 50s 80s 80s 110s 110s
Ink-1 297 2.73 244 82% 263 88%
Ink-2 430 2.81 344 80% 361 84%
Ink-3 1460 4.56 971 67% 1080 74%

For printing narrower line definition, higher viscosities are preferred, whereas, ink with
lower viscosity and higher recovery may lead to blistering in printed patterns (Faddoul
et al. 2012). With lower solvent content (~ 67 %) i.e., Ink-3, recovery of viscosity after
printing (in Interval 111) at 80 s and 110 s were 67 % and 74 % respectively is lower
compared to Ink-1 and Ink-2. Inks which exhibit the slow viscosity recovery have an
impact on the levelling during printing. Ink-2 with a viscosity of 430 Pa.s before
printing, is reduced to 2.81 Pa.s during squeegee movement. Nearly 80 % and 84 % of
viscosity were recovered after printing in 80 s and 110 s, respectively. Ink-2 possessed
moderate rate of viscosity recovery at 80 s and 110 s. Ink-2 may not be associated with
problems such as blistering, bleeding, improper levelling etc., thereby supports in the

fabrication of high-quality films. Rheology properties of the inks estimated during
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printing at different printing speeds of 12.5, 25, 37.5 mm s and their corresponding

shear rates were 50, 100, 150

st as shown in fig. 4.4.
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ur during screen printing at different printing speeds of

,and (c) 37.5 mm s,

Percentage of viscosity recovered at 80 s and 110 s during printing at different printing
speed 12.5, 25, 37.5 mm s is tabulated in Tables 4.3, 4.4, and 4.5 respectively. The

Ink-1 recovered nearly 97 % o
m/s, whereas Ink-3 recovered

same printing conditions.

f its initial viscosity after 110 s under printing speed 12.5

only 59 % of its initial viscosity after 110 s under the

Table 4.3 Variation of viscosity (Pa.s) of different formulated inks at printing speed of

125 mms?,
01s'@ 50s'@ 01s'@ Recovery@ 0.1s'@ Recovery @
20s 50s 80s 80s 110s 110s
Ink-1 297 7.8 279 94 % 289 97 %
Ink-2 430 8.2 372 86 % 394 91 %
Ink-3 1460 11.8 810 55 % 857 59 %
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It was observed that Ink-1 recovered nearly 97-92 % of its initial viscosity after 110 s
under printing speed in the range of 12.5-37.5 m/s. Ink-2 and Ink-3 recovered nearly
91- 86 % and 62- 59% of their initial viscosity respectively, under printing speed in the
range of 12.5-37.5 m/s.

Table 4.4 Variation of viscosity (Pa.s) of different formulated inks at printing speed of

25 mm s,
01st@ 150s'@ 01s'@ Recovery@ 0.1s'@ Recovery@
20s 50s 80s 80s 110s 110s
Ink-1 297 4.6 264 89 % 284 95 %
Ink-2 430 4.8 356 83 % 382 89 %
Ink-3 1460 6.9 798 55 % 855 59%

Table 4.5 Variation of viscosity (Pa.s) of different formulated inks at printing speed of

37.5mmst.

01s'@ 150s'@ 0.1s'@ Recovery@ 0.1s'@ Recovery@

20s 50s 80s 80s 110s 110s
Ink-1 297 3.4 254 85 % 274 92 %
Ink-2 430 35 341 79 % 369 86 %
Ink-3 1460 5.2 835 57 % 904 62%

Oscillatory rheological measurements were performed to study the modification
of ink structure during printing. Both the moduli (G' and G") of three inks decreases

with an increase in shear stress, as shown in fig. 4.5 (a).
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Fig. 4.5 (a) Oscillatory rheological test, and (b) Variation of G’ and G” and d) G"/G’

ratio as a function of shear stress of formulated inks.
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It reveals that linear visco-elastic region (Region A) lies within the 25 Pa, 31 Pa and 75
Pa for the Ink-1, Ink-2 and Ink-3 respectively. The linear-elastic region indicates the
maximum deformation stress that can be hold by inks without losing its liquid-like and
solid-like structure. In addition, all the inks show a solid-like structure dominant at
lower shear stresses as shown in fig 4.5 (b) and ratio of liquid-like to solid-like structure
(G"/ G") for the Ink-1, Ink-2 and Ink-3 are found to be 0.75, 0.61 and 0.40 respectively
in Region A. Further, in Region B, complex modulus components G’ and G” decreased
continuously with increasing shear stress and the value of G" continued to be lower
than G'. Even though inks show an elastic dominated behaviour (G" < G"), but as shear
stress increases the ink structure gets weaken and continue breakdown (Durairaj et al.
2009). Region C starts from the point, where the modulus ratio (G"/ G') is unity, and
extends to a higher shear stress with the value of G" maintained higher than the G'.
Shear stress at G'= G" is called change-over point, which is used to assess the
cohesiveness of the ink, after which liquid-like behaviour dominates the solid-like
behaviour (Durairaj et al. 2009). The change-over point of Ink-1, Ink-2, and Ink-3 are
found to be 110, 150, 538 Pa, respectively. Ink with lower change-over point offers
fracture and tends to increase the skipping defects after the printing process (Bao et al.
1998).

TG analysis was performed to study the thermal behaviour of prepared inks and
is shown in fig. 4.6 (a). TG-DTG analysis shows thermal behaviour of the inks, which

is composed of silver nitrate and citric acid in the agueous medium.
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Fig. 4.6 (a) Thermogravimetric analysis and (b) FTIR spectra of formulated particle-
free screen-printing inks containing the organic vehicle. Indigo color denotes

evaporation of the solvent and red colored zone indicates the combustion process.

101



DTG reveals the weight loss of about 78%, 68% and 62% at 70 °C in the Ink -1, Ink-2
and Ink-3 respectively, which may be due to the evaporation of water content in the
inks. Furthermore, small weight loss was found at 118 °C are attributed to evaporation
of bound water (Salian et al. 2019), which are highlighted by indigo color in fig. 4.6
(a). A significant weight loss at 176 °C is due to the redox reaction between silver
nitrate and citric acid (red colored zone in fig. 4.6 (a)). At this temperature, citric acid
helps in reduction of silver nitrate to silver, hence is called self-reducible;
simultaneously it liberates an enormous amount of heat (enthalpy) along with the
evolution of gases. Released heat due to combustion could help in burning out the Na-
CMC, which was added as a binder. Thermogravimetry revealed that 200 °C is the
minimum temperature required to cure the silver precursor-based screen-printable inks.
Afterward, about 3 % of weight loss is found between 200-400 °C in all inks, which
may be due to the decomposition of Na-CMC. Since, the initial decomposition
temperature (Tq), and final decomposition temperature (Tr) of Na-CMC are 278 °C and
410 °C, respectively (Li et al. 1999). Fig. 4.6 (b) shows the FT-IR spectrum of
formulated silver screen printable inks comprised of Na-CMC and water as a binder
and solvent respectively. The broadband at the ~3374 cm™ is due to O-H symmetric
stretching of covalent bond in water. The variation in the intensity of water stretching
bond could be due to the moisture variation on the sample holder of the equipment
during the characterization performed (Alharbi and Guirguis, 2019). Presence of Na-CMC
is confirmed by characteristic absorption at ~1631 cm™ and ~1044 cm™. The peak at
~1631 cm? is attributed to the carboxymethyl ether group (COO™) asymmetrical
stretching in Na-CMC (Heinze and Pfeiffer 1999). The small band at ~1044 cm™
indicates the stretching of C—O—C of the polysaccharide skeleton (Rani et al. 2014). A
small peak at about 1382 cm™ in the inks, may be attributed to the NO3~ vibrations of
silver nitrate (Trchova and Stejskal 2010).

4.3.1.2 Particle-free ZnO screen printing inks

Aqueous combustible particle free ZnO screen-printing ink comprised of
Zn(NO3)2, C2HsNO2, Na-CMC and water as a oxidizer, reducer, binder and solvent,
respectively was formulated. In the SCS process, redox reaction occurs between

oxidizer and reducer and resulted to the formation of ZnO phase accompanied with heat
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liberation. A possible redox reaction to be carried out is shown in equation 4.2.
Liberated heat helps to decompose the small amount of sodium carboxymethylcellulose
(Na-CMC).

Zn(N05), + C,HsNO, + [C4H,0,(0H)x(0CH,COONa)y],
- Zn0 + CO, + H,0 + N, + 0.6 [C4H,0,(0H)x(OCH,COONa)y], + heat ..... (4.2)

The present novel combustible molecular precursor-based screen-printing ink may
overcome practical problems associated with clogging of pores in the patterned mesh
and agglomeration of nanoparticles often observed in the particle-based screen-printing
inks. Further, the steps involved in the formulation of particle-free ink is cost-effective
than conventional particle based screen-printing inks.

Thermal behaviour of formulated clogging free combustible molecular
precursor-based screen printable ink was characterized by thermogravimetric (TG)
analysis in the temperature range from 32 °C to 660 °C (fig. 4.7 (a)). The TG-DTG of
the particle-free screen-printing inks showed that the mass loss took place in the five
steps. The first mass loss of about 45 % was noticed between the 32 °C and 130 °C,
corresponded to the evaporation of water molecules. A small mass loss observed in the
temperature range 130 °C- 170 °C, attributed to the conversion of hexahydrate of zinc
salt to the monohydrate nitrate (Waqgas et al. 2015). Nearly, 25 % mass loss occurred
from 170 °C to 280 °C could be associated with combustion of the precursor solution.
The temperature 232 °C was considered as combustion temperature, where the

considerable mass loss was observed.
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Fig.4.7 (a) Thermogravimetric analysis and (b) FTIR spectra of aqueous-based
clogging free combustible molecular precursor ZnO screen printing ink.
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A small peak in the DTG curve is observed from 280 °C to 320 °C corresponds to the
considerable mass loss, due to removal of carbonaceous impurity generated during
combustion and also the minute decomposition of Na-CMC, since the initial
decomposition temperature of Na-CMC is almost near to the 280 °C. In the fifth stage,
mass loss of 10 % was observed between the 400 °C and 500 °C, due to the further
thermolysis of Na-CMC (final decomposition temperature 410 °C) and combustion by-
products such as HCNO and CO. No mass loss was found above 500 °C, which
indicated the formation of stable ZnO (Xing et al. 2011). FT-IR spectrum of the
aqueous combustible molecular precursors for ZnO screen printing ink provides the
molecular structure of its constituents (fig. 4.7 (b)). The small intense band in the higher
energy region at 3390 cm, indicates the O-H symmetric stretching of the water
molecules. The peaks at 1610, 1315 and 1042 cm™ attributed to the COO™ asymmetric
stretching of carboxymethyl ether group and —OH bending, C-O-C stretching vibration
of Na-CMC respectively (Pushpamalar et al. 2006). The bands at 3165 and 1105 cm™,
assigned to the stretching and rocking vibration of the ammonium (NHZ) group in the
glycine respectively (Kumar et al. 2012). The bands at 1385 and 830 cm™, are assigned
to the asymmetrical stretching and deformation modes of the nitrate ions (NO3)
(Machado et al. 2010).

4.3.2 Particle-based metal oxide screen-printing inks
Screen-printing ink has two-parts; functional materials and an organic vehicle.
Properties and printability of screen-printing ink depend on the solid loading, particles

size and its distribution and rheology.

4.3.2.1 Pristine and Sr-doped ZnO screen printing inks

Water-based environmental-friendly screen-printing ink consisted of 60 wt. %
of pristine/Sr-doped ZnO as functional material and remaining 40 wt. % organic vehicle
(Na-CMC and DI water) was formulated. Fig. 4.8 depicts the (a) thermal and (b)
structural analysis of the organic vehicle consists of 4 wt.% of Na-CMC in 10 ml of DI
water. In thermogram, weight loss of vehicle was recorded up to 500 °C. About 94 %
weight loss is found in between 30-90 °C, because of the evaporation of water
molecules present in an organic vehicle as a solvent. Again, a small weight loss is found
in between 200 — 400 °C, this attribute to the decomposition of Na-CMC.
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Fig. 4.8 (a) TGA curve and (b) FTIR spectra of organic vehicle (Na-CMC and DI

water).

The inset of fig. 4.8 (a) curve reveals that the initial decomposition temperature (Tq)
and final decomposition temperature (Tf) of Na-CMC are 278 °C and 410 °C,
respectively (Li et al. 1999). FTIR spectrum of organic vehicle is recorded in the
wavelength range of 3800 — 600 cm in fig. 4.8 (b). The broad band at ~3374 cm™ is
attributed to the O-H symmetric stretching of covalent bond in water. Characteristic
absorption at ~1610 cm™ confirms the asymmetrical stretching of a carboxymethyl
ether group (COO ) in Na-CMC (Heinze and Pfeiffer 1999). The intense band at
~1050 cmis related to the C—O—C stretch, which shift to a lower wavenumber

indicates the characteristics of the polysaccharide skeleton (Rani et al. 2014).

4.3.2.2 Pristine and La-doped BaSnQOs screen printing inks

Water-based environmental-friendly pristine and La-doped BaSnOs screen-
printing inks were formulated. Formulated inks were made up of 60 wt. % of
pristine/La-doped BaSnOs3 as functional material and 40 wt. % as organic vehicle.
Organic vehicle was processed by adding 5 wt. % of HEC into the 10 ml of water and
followed by stirring at rate of 200 rpm for 12 h. Fig. 4.9 shows the thermogravimetric
and structural analysis of the prepared water based organic vehicle. In thermogram, the
weight loss was occurred in four stages: firstly, small loss was observed in the
temperature range from 38-108 °C due to desorption of water from the hydrogel surface.
Secondly, nearly 89 % of weight loss was observed in the temperature range 108-268.4
°C attributed to the decomposition of HEC molecules. Small weight loss nearly, about

4 % of weight loss was occurred in the temperature range 268.4 °C- 344.4 °C due to
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the degradation of undecomposed HEC molecules. Lastly, a remaining 5 % of weight
loss was in the temperature range between 334.4 and 408 °C due to the decomposition

of HEC molecules at the final stage (Fawal et al. 2018).
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Fig. 4.9 (@) TGA curve and (b) FTIR spectra of organic vehicle (HEC and DI water).

FTIR spectrum of organic vehicle was recorded in the wavelength range of 3800 — 600
cm™, the broad band at ~3334 cm™ attributed to the O-H symmetric stretching of
covalent bond in water. Characteristic absorption at ~1610 cm™ confirms the
asymmetrical stretching of a double bond of carbonyl, carboxyl and carboxyl salt
(C=0) in HEC (Sheikh et al. 2013). The intense band at ~ 1246 and ~1050 cm™! s
related to the stretching vibration of C-H and C-O bonds present in the HEC
molecules (Fawal et al. 2018).

4.4 Conclusions

In summary, water-based reducible particle-free silver precursor screen-
printable inks comprised of silver nitrate (< 25%), citric acid, Na-CMC, and water were
formulated. Formulated inks with silver precursor loading of 14%, 18%, and 22%
exhibit shear thinning and rheological properties decent for screen printing. Rheology
of developed inks during printing was studied, and about 74-88% of viscosity
recovered in 110 s. The curing temperature of formulated inks to obtain the conductive
films is 176 °C. The FTIR Peaks at ~ 1631 cm™ and ~ 1044 cm™* confirms the presence
of Na-CMC, while a small peak at about 1382 cm™* attributes to the NO3 vibrations of
silver nitrate.

An aqueous combustible particle- free ZnO screen printing ink made of zinc

nitrate, glycine, Na-CMC, and water was formulated. The minimum curing temperature
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of the formulated ZnO screen printing inks is 400 °C. Presence of Na-CMC in ZnO
screen printing ink is confirmed by the FTIR peaks at 1610, 1315 and 1042 cm™. The
bands at 3165 and 1105 cm™, reveals the presence of glycine, while small protrude at

1385 and 830 cm™ belongs to the nitrate ions (NO3) of zinc nitrate.

An environmental-friendly particle-based pristine and Sr-doped ZnO screen-
printing inks were formulated, which comprised of 60 wt. % of pristine/Sr-doped ZnO
as functional material respectively and remaining 40 wt. % as organic vehicle. The
minimum annealing temperature required to form the porous pristine and Sr-doped ZnO
films is 400 °C.

An environmental-friendly particle-based pristine and La-doped BaSnOs
screen-printing inks were formulated. The formulated inks were made up of 60 wt. %
of pristine/La-doped BaSnOs as a functional material and remaining 40 wt. % with an

organic vehicle (HEC and DI water).
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CHAPTER 5

SCREEN PRINTED FILMS OF METAL, PRISTINE AND DOPED
METAL OXIDE — THEIR APPLICATIONS

5.1. Introduction

Here, the fabrication and characterization of metal (Ag) and metal oxide (ZnO, Sr-
doped ZnO, BaSnO3 and La-doped BaSnOz) screen printed films are discussed. In this
chapter, Ag films were printed on the rigid and flexible substrates using particle-free
Ag screen printing inks and optimized Ag screen printed films were incorporated as
gate electrode in a BGTC TFTs. Gas sensing performance of the screen printed ZnO,
Sr-doped ZnO, BaSnOs and La-doped BaSnOs thick films being used as a sensing layer

were evaluated towards the various analyte gases such as NHs, CoHsOH, H2S etc.

5.2. Experimental Procedure

The pattern was printed using stainless-steel frame in which the nylon screen
mesh (500 counts) stretched under the tension of 20 N/m. Coater and polymer squeegee
blade (shore-B) were kept at an angle of 90° and 45° with the screen mesh, respectively.
Snap-off distance, printing speed and printing force was maintained 1.5 mm, 50 mm s
Land ~ 30 N, respectively.
5.2.1 Fabrication of screen-printed silver patterns as bottom gate electrode in
TFTs

Formulated particle-free silver screen printing inks were transferred on to the
glass and polyamide substrates by screen printing technique. Further, the as-printed
films were annealed at 200 °C for 20 min. Multiple layers of screen-printed films were
prepared by using optimized formulated particle-free silver ink. To realize the
application of screen-printed silver films as an electrode, a bottom gate top contact
(BGTC) thin film transistor (TFT) with low-temperature solution combustion derived
indium zinc tin oxide (IZTO)-semiconductor, and the sodium B-alumina high-k
dielectric were fabricated. The formulation of the solution and the fabrication of both
the semiconductor and dielectric films were explained elsewhere (Pujar et al. 2019).

109



5.2.2 Fabrication of ZnO based screen printed films - gas sensing applications

An aqueous combustible particle free ZnO ink was deposited onto the corning
glass substrates to fabricate patterns of 2x2 cm? via screen printing. These screen-
printed patterns were annealed for an hour at 400 °C and 500 °C. A pair of metallic

electrodes of dimension 0.3x2 cm? deposited at a distance 1.5 cm apart from each other.

Screen printing of the particle based pristine and Sr-doped ZnO ink was
performed on the corning glass substrate and later annealed at 500 °C for 2 h in ambient.
The RuO:; activated Sr-doped ZnO heterostructure film were fabricated by immersing
the Sr-doped ZnO screen printed thick film into 0.02 M aqueous solution of RuCls for
5 min, followed by exposure under infra-red light for 1 h and annealed at 500 °C for 30

min in a muffle furnace.

Chemiresistive planar type configuration sensors of undoped, Sr-doped and
RuO. activated Sr-doped ZnO were fabricated by depositing a pair of metallic
electrodes of dimension 0.3x2 cm? deposited at a distance 1.5 cm apart from each other
on an active area of 2x2 cm? screen-printed sensing layer. Silver-electrodes were dried
at 120 °C for 1 h in hot air oven.

5.2.3 Fabrication of BaSnOs3 based screen printed films - gas sensing applications

The formulated particle-based pristine and La-doped BaSnO3z screen printing
inks were screen printed on the corning glass. As printed films were annealed in
ambient conditions at 500 °C for 2 h.

To develop surface activated CLBSO and RLBSO films, two different screen-
printed La-doped BaSnOs films were dipped for 10 min in 0.03 M aqueous solution of
CeClzand RuCls, respectively. Later, the films were exposed by infra-red light for 1 h
followed by annealing in a muffle furnace at 500 °C for 30 min. Chemiresistive planar
type configuration sensors of metal oxide were fabricated as mentioned earlier and their

gas sensing characteristics were estimated and analysed.

5.2.3 Measurements and characterization

XRD analysis: Crystal structure of screen-printed films (Ag, ZnO, Sr-doped ZnO,
BaSnOs and La-doped BaSnOs) were characterized by X-ray diffraction (XRD;
RIGAKU Miniflex 600) using Cu-Ka radiation at a scanning rate of 1 °/min.
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Calculation of lattice parameter: Hexagonal closely packed structured ZnO particle’s

lattice parameter was calculated using Cohen’s method.

Morphological and Elemental composition studies: The surface morphology and
elemental composition of screen-printed films were assessed using scanning electron
microscopy (JEOL model JSM 6380 system) with energy-dispersive X-ray
spectroscopy. To understand the chemical state of elements, present in the pristine,
doped and surface activated screen-printed films X-ray photoelectron spectroscopy
(XPS; PHI5S000 Versa probe II) study was performed using Al Ko radiation (~1486.6

eV) as an excitation source.

Atomic Force Microscopy: The roughness of single and multi-layered screen-printed

Ag films was characterized by atomic force microscopy (AFM, Park XE-100).

Adhesion Test: Adhesion of the screen-printed films on the glass substrates were
assessed according to ASTM D3359-09 (Paint, Related Coatings, & Applications,
2009).

Resistance measurement: The sheet resistance (Rs) of the Ag screen printed films was
measured using a four-point probe instrument (SES Instruments Pvt. Ltd). Sheet
resistances (average of several measurements at different positions) were computed
after considering proper correction factors based on sample geometries. Conductivity

was calculated using the formula shown in equation 5.1.

o =— (5.1)

T Rext

Thickness measurement: Thickness of the Ag and ZnO based screen-printed films were
measured using scanning electron microscopy (JEOL model JSM 6380 system) and

step profilometer (Ambios XP-2 Profilometer, SN 167) respectively.

TFTs performance test: The fabricated TFTs were characterized using parameter

analyzer with KITHELY source meter. Further, the static performance parameters such

as saturation mobility (usat, eqn. 5.2), on: off ratio (lon/loff), and the threshold voltage
(V) were estimated.

Ingsat) = 51 X Hsat X Ci X (Vg — Vep)? (5.2)

Where, Ip sat), W/L, and C; are saturation drain current, channel dimensions, and

the capacitance per unit area of sodium 3 alumina.
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Edge sharpness and resolution: Edge sharpness and resolution of the Ag, undoped and
Sr-doped screen-printed films were characterized by optical microscope (Zeiss

microscopy Pvt. Ltd.).

UV-vis Spectroscopy: The optical properties of undoped and Sr-doped films were
analyzed using UV-Vis Spectroscopy (USB4000-UV-VIS, Ocean Optics).

UV sensing measurement: UV sensing properties were examined at ambient condition

in a ceased black-box containing the UV lamp with intensity of 2.3 mW/cm?,

Gas sensing measurement: Gas sensing characterization was carried out in the custom-
made air-sealed gas chamber unit with a heater, probes and thermocouples. Schematic

illustration of gas sensing measurement set-up is depicted in fig. 5.1.
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Fig. 5.1. Schematic diagram of set-up for the gas sensing measurement system

Static liquid gas distribution method was employed to calculate the desired
concentration (C) of the target gas in ppm by using the equation 5.3 (Poloju et al. 2018).

_ 22.4 X@ XpX V1
B M XV,

c X 1000 (5.3)

Where C (ppm) is the concentration of target gas, ¢ is the gas volume fraction or purity,

V1 (ul) and V2 (1) are volumes of liquid and chamber. p (g ml?) and M (g mol™) are
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density and molecular weight of the liquid respectively. Since, small amount of vapours
was loaded, therefore the variation in pressure characteristics inside the chamber was
not observed. Gas sensing characteristics such as sensitivity, response and recovery
time towards the ammonia and formaldehyde of ZnO sensors obtained from particle
free inks were evaluated. Gas sensing properties of the particle based screen-printed
ZnO sensors obtained from the three fuel- systems towards the 100 ppm of ammonia,
ethanol, LPG, chlorine and 50 ppm of hydrogen sulfide gases were estimated. Pristine,
Sr-doped ZnO and RuO: activated ZnO sensors were characterized for the gas sensing
properties, when exposed to different concentrations of ammonia at room temperature.
The room temperature ammonia and formaldehyde sensing properties of BaSnO3 based
sensors were evaluated and analysed. Gas response or sensitivity (S) is defined as the
ratio of change in resistance of the sensor in presence and absence of the target gas to
initial resistance of the sensor. The relation for S is as follows (equation 5.4):
s =8 R (5.4)
Rq

Resistance of the sensor was measured using an electrometer (6517B, Keithley,
Germany) with computer interface. The Ra and Rgas are defined as the electrical
resistances of the sensor upon exposure to air and analyte gases respectively. Response
and recovery times were defined as the time taken to achieve 90 % of electrical
resistance change during adsorption and desorption, respectively. The gas response of
the sensor was measured at constant pressure. DC bias voltage applied was -3V and
relative humidity in the gas chamber was maintained at 60% using a digital humidity

controller (Humitherm, India) during gas sensing measurements.

5.3. Results and Discussion

5.3.1 Characterization of Ag screen printed films and its applications

The X-ray diffraction of screen-printed films obtained from the different Ag
formulated inks annealed at 200 °C for 20 min is shown in fig. 5.2 (a). XRD reveals the
films to be highly crystalline with the distinct sharp peaks at 38.8°, 44.9°, 64.9°, 77.9°
and 81.9° for the planar reflections of (111), (200), (220), (311) and (222) respectively
(ICDD: 01-087-0720). Also, it confirms that no other phases are formed after the

reduction of silver nitrate to silver. The conductivity of the screen-printed silver films
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on glass substrates using aqueous combustible precursor-based inks is shown in fig. 5.2
(b). The conductivity values of the films are found to be 2.6 x 10, 4.0 x 108 and 8.2 x
10° S.m*from Ink-1, Ink-2, and Ink-3, respectively. Obviously, as the concentration of
silver nitrate in ink increases the conductivity is also increased. On the other side, the
recovery rate of viscosity during printing at 80 s decreases with increases in wt.% of
silver nitrate. The conductivity of printed films on the polyamide substrate developed
using ink-2 is found to be 2.6 x 10° S.m™.
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Fig. 5.2 (a) XRD pattern and (b) electrical conductivity of the silver screen printed films
prepared from Ink-1, Ink-2, and Ink-3.

The Ink-2 possessed the high viscosity than the Ink-1 and also exhibited the fast
recovery rate of viscosity and higher value of modulus ratio (G"/G") compared to Ink-
3. Ink-2 offered not only the high conductivity with narrow line definition and sharper
edges, but also avoids paste to fracture and blistering defects as shown in Table 5.1. A
peel-off or scotch tape test was conducted to assess the adhesion of silver films obtained
from Ink-2 on the glass substrates as shown in fig. 5.3. The peeling test confirms the
adhesion of silver film over substrates lies in the 3B category, according to ASTM-
3359B.
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Table 5.1 Comparison of formulated inks with rheological, electrical properties.

o Recovery  Modulus  Change- o
Viscosity ) ] Conductivity  Edge of the
Inks @ 80s ratio over point ]
(Pa.s) (x10° Sm) film
(%) (G"1GY (Pa.s)

Ink-1 210 82 0.75 110 2.6
Ink-2 328 80 0.61 150 4.0
Ink-3 454 67 0.40 538 8.2

Before peel test After peel test

Fig. 5.3 Cross-cut tape test for the screen-printed silver films.
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Optical images of printed patterns on glass substrates using Ink-2 are shown in
fig. 5.4 (a). Irrespective of the direction of printing (is shown by black colored arrow),
edges of the printed pattern are smooth and sharp (fig 5.4 b-d). The bright LED (under
the externally applied voltage) as shown in fig. 5.4 (e), were connected to silver films

processed on polyamide substrates to validate its continuity and applicability.

vioe o
® P ¥

Fig. 5.4 (a) Optical images Ag films and tracks from Ink-2, (b), (c), (d) Optical

microscopy images of the edge of the silver printed lines on glass substrates. Black
arrow indicates the direction of printing. (¢) Operation of LED’s connected to the silver

films printed on the flexible polyamide substrate.

A particle-free ink exhibits the lowest resistivity of 24 pQ-cm with the thickness
of 3 um, is found to be a promising competitor to the commercially available inks
consist of more than 45-55 % of silver loading. Hence, chances of agglomeration and
clogging of the pores in the screen mesh during printing can be completely avoided
with particle free ink. As a result, Ink-2 is used for further study of multiple layer
printing due to its excellent rheological properties, superior performance, and good
printing resolution. The conductivity of the single and multi-layered films is
comparable, though anticipation is that conductivity should be the same. Resistivity
values are in the range of 2-4 x10° Q.cm. The elemental composition of the single and
multi-layered films are shown in fig. 5.5.
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Fig. 5.5 EDS mapping of silver (Ag), carbon (C) and oxygen (O) elemental distribution

on the surface of the film with multiple layers: (a) one, (b) two and (c) three coats.

Morphology, roughness, and thickness of the single, double, and triple layered
films are shown in fig. 5.6. The SEM micrograph suggests that the printed films are
composed of well-connected networks of the silver. Furthermore, the AFM analysis
shows the films are smooth with minimal roughness of about 43.1 nm in a single pass
of squeeze during screen printing. The film thickness is found to be increased with the
increase in a number of squeeze movement in the printing process. The minimum
thickness obtained of about 3 um in a single pass of squeeze. The film thickness
achieved using particle-free screen-printing inks is extremely lower than the thickness

of the screen-printed films obtained by particle-based inks.

Due to its superior performance and good printing resolution, Ink-2 is further
used to develop a printed gate electrode of the oxide-TFT. To reveal the efficacy of the
present screen-printed silver film, a BGTC TFTs with screen printed silver as a gate
electrode is fabricated using solution combustion derived 1IZTO as semiconductor and
the solution processed sodium B-alumina as dielectric (fig. 5.7 (a)). The output and

transfer characteristics of TFTs is presented in fig. 5.7 (a) and (b). The static
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performance parameters such as sat, lon/lofr, and Vi are estimated to be 0.88 cm?V's,

102, and ~ 0.3 V, respectively.
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Fig. 5.6 SEM, AFM, and thickness of the screen-printed films of different layers (a)

one (b) two and (a) three layers obtained using Ink-2.
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Fig. 5.7 (a) Output and (b) transfer characteristics of the TFT.
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5.3.2 Combustion derived ZnO based screen printed films — A UV and Gas
Sensor

5.3.2.1 Undoped particle-free screen printed ZnO films

The XRD diffraction patterns of the screen printed ZnO films processed from the
combustible molecular precursor-based screen-printing ink annealed at temperature
400 °C and 500 °C are depicted in fig. 5.8 (a). Diffraction peaks at 31.92°, 34.74°,
36.56°, 47.86°, 56.9°, 63.16° and 68.16° correspond to the deflection planes (100),
(002), (101), (102), (110), (103) and (112) respectively, are in good agreement with
ICDD (00-01-1136). Furthermore, no other peak related to any secondary phase
indicates the formation of the pure phase of polycrystalline wurtzite structured ZnO
from clogging free combustible molecular precursor. The intensity of predominant
diffraction peaks assigned to the planes ((100), (002) and (101)) of the ZnO phase in
the film processed at temperature 500 °C was found higher than the intensity of the
peaks of the respective planes in the ZnO film annealed at 400 °C as shown in fig. 5.8
(b), which revealed the enhancement of crystallinity. The elevated annealing
temperature may be yielded sufficient energy to recrystallize the particles, thereby the

degree of crystal perfection is increased (Katoch et al. 2013).
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Fig. 5.8 (a) XRD pattern of screen-printed ZnO films annealed at different
temperatures and (b) integrated intensity of (100), (002) and (101) diffraction peaks.
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Precise lattice constants ‘a’ and ‘C’ of the ZnO phase in the films were
estimated cohen’s analysis method. The steps involved in the computation of lattice
constants using cohen’s method is given in the Appendix I1. Unit cell volume (V,) and
bond length (I) of Zn-O were estimated using the equations 3.19 and 3.20 respectively.
Lattice constants of the screen printed ZnO films processed at 400°C and 500°C are
a=325Ac=521A and a=3.27A,c =5.24 A respectively. c/a ratio of the
ZnO hexagonal crystal structure present in both films is estimated as 1.6. Unit volume
and bond length (Zn-O) of the ZnO film annealed at 400 °C are found to be 47.84 A3
and 1.98 A respectively, whereas for ZnO film annealed at 500 °C are observed to be
48.76 A% and 1.99 A respectively.

Crystallite size and lattice distortion were estimated for the ZnO phase in the
films processed at 400 °C and 500°C. Crystallite size (Dy) of the ZnO phase was
determined employing the Scherrer equation (3.7) and found to be 17 nm and 21 nm
for the ZnO films processed at 400 °C and 500°C respectively. Crystallite size and
induced lattice strain were also calculated using the W-H and H-W plots obtained from
the following equations (3.9) and (3.13) respectively, (Plots of W-H and H-W for the
calculation of crystallite size are found in Appendix Il1). Obtained results from the

Scherrer, W-H and H-W equations are shown in Table 5.2.

Table 5.2 The microstructural parameters of combustible precursor-based screen-

printed films annealed at different temperature.

Microstructural parameters of ZnO using different methods

Annealing Scherrer  Willamson-Hall (W-H) Halder-Wagner (H-W)

temperature Dv (hm) Dv(nm) &x103% Dv (nm) & x10-3
400 °C 12 20 3.69 21 4.47
500 °C 17 31 2.29 33 3.06

It is noticed that the crystallite size of the ZnO phase in the films annealed at
500 °C increases from ~ 20 nm to ~ 31 nm, but lattice strain decreases. Higher annealing
temperatures might have provided adequate activation energy for the migration of
crystallites towards the equilibrium sites and coalesce together to form larger

crystallites. Increase in grain size with increasing annealing temperature, caused to the
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minimization of the stress field present on the grain boundaries, therefore the lattice
strain also reduces consequently and as result the crystallinity is enhanced (Choudhury
et al. 2015).

= i Pk : ]

Fig. 5.9 SEM images of screen printed ZnO films annealed at (a) 400 °C and (b) 500

°C, Composition of elements present in the films annealed at (c) 400 °C and (d) 500
°C, Thickness of screen-printed films annealed at (e) 400 °C and (f) 500 °C.

The SEM images of screen printed ZnO films processed at 400 °C (fig. 5.9 (a))
indicates the grouped austromegabalanuspsittacus-sea species shaped morphology,
with the small protruded needle-like structure from the surface. Protruded globules with
the enlarged needle-like nanostructure were observed in the screen-printed ZnO films
processed at 500 °C as shown in fig. 5.9 (b). The surface was more smoothened in the
film processed at 500 °C than the film annealed at 400 °C. EDS spectra of screen printed
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ZnO films processed at 400 °C and 500 °C is depicted in fig. 5.9 (c) and (d) respectively.
EDS reveals the presence of Zn, O, and C elements in both films and the presence of
carbon may be due to the unburnt residue of Na-CMC binder at the particular annealing
temperature. Gradual decrease in carbon (elemental) concentration from about 22.8 %
to 15 % in ZnO film processed at 500 °C, because of the profound thermal
decomposition at the higher annealing temperature. TG analysis also indicated nearly
11 % mass loss in the temperature range between 400 °C and 480 °C. The thickness of
the screen printed ZnO films processed at 400 °C and 500 °C were estimated using
cross-section image (fig. 5.9 (e) and (f)) and found to be 4.8 pm and 3.5 pum,
respectively.

The measured UV-visible diffuse reflectance spectra of combustible precursor
based screen-printed ZnO films processed at different annealing temperatures is shown
in Fig. 5.10 (a). Film processed at 400 °C exhibited higher reflectance (> 55%) than the
film processed at 500 °C, which indicates changes in carrier concentration, surface
microstructure, oxygen content, defects, etc. The optical bandgap of the screen-printed
ZnO films processed at different annealing temperatures was derived by extrapolation
of the linear fit of the curve (ahv)? against hv up to a point, a = 0 as depicted in the
inset of fig. 5.10 (a). The plot was obtained using the following equation 5.5 (Raj et al.
2016);

anhv = C(hv — E,)*/? (5.5)

Where a, n, hv, Eg and C are absorbance coefficient, refractive index, photon energy,
bandgap and velocity of light respectively. The bandgap was found to be 3.09 and 3.02
eV for the screen-printed ZnO films annealed at 400°C and 500°C respectively. The
growth of grains into larger size in the films annealed at higher temperature may be
caused to the decrement of bandgap (Parra and Haque 2014). It is also found that
bandgap of the obtained ZnO nanostructures is lower than the bulk ZnO, indicates the
presence of a high concentration of donor levels due to impurities or defects (Bayan
and Mohanta 2013). The PL spectra of combustible precursor based screen-printed
films annealed at 400 °C and 500 °C under an excitation wavelength of 380 nm are

shown in fig. 5.10 (b). The intensity of defect-related emissions gets enhanced as the
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processing temperature is increased. The emission peaks found at nearly 410 and 464

nm are signifying the neutral (Vzn) and ionized zinc vacancy (Vzn) related defects.
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Fig. 5.10 (a) UV-vis reflectance spectra, inset is the Tauc’s plot; (b) Photoluminance

spectra of screen printed ZnO films processed at 400 °C and 500 °C.

Further, emission peaks at 434 and 490 nm are ascribed to the donor-related defects
zinc interstitial (Zn;) and oxygen vacancy (Vo") respectively (Bayan and Chakraborty
2014; Yu et al. 2016). The enhancement of defect-related emission with an increase in
the annealing temperature is observed. Higher annealing temperature promotes the
perturbation of atomic arrangements in the crystal system which has resulted in the
generation of more point defects such as interstitials, vacancies, etc. The concentration
of Zn;j and V; defects is observed more in the ZnO film annealed at 500 °C, reason
behind this may be the substantial removal of oxygen from the ZnO crystal structure
(Bayan and Chakraborty 2014). By comparing the intensity of Zn; defect-related
emission peak of both the films, it is concluded that the concentration of donor type of
defect (Zinc interstitial (Zn;)) is more in the film processed at 500 °C than the processed
at 400 °C. Hence the donor band within the bandgap of the film annealed at 500 °C

extends to a larger extent (Bayan and Mohanta 2013).

The gas-sensing performance of aqueous combustible precursor-based screen
printed ZnO sensors processed at 400 °C and 500 °C were symmetrically investigated
and compared. The gas response of the screen-printed sensors towards the different
concentrations of ammonia (0.75 ppm - 5 ppm) and formaldehyde (3 ppm - 10 ppm)
are shown in fig. 5.11 (a) and (b) respectively. It is found that the gas response of both
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screen-printed ZnO sensors increased as the concentration of two analyte gases is

increased.
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Fig. 5.11 Gas response of screen-printed ZnO sensors processed at different
temperature towards the various concentration of gas (a) ammonia and (b)

formaldehyde.

In fig. 5.11 (a), the gas response of the screen-printed ZnO sensor processed at
500 °C exhibited higher magnitude than the sensor processed at 400 °C upon exposure
to various concentrations of NHs. The magnitude of response of the sensor processed
at 500 °C was observed 3.98, 8.78, 55.9, 90.8, 251 and 336 towards the 0.75, 1, 2, 3, 4
and 5 ppm of NHz respectively. The highest gas response of the sensor processed at 500
°C was recorded 336 upon exposure to 5 ppm, which is nearly 2.73 times the gas
response of the sensor processed at 400 °C. Fig. 5.11 (b) revealed that gas response of
screen printed ZnO sensor processed at 500 °C enhanced by 2.5, 1.3, 2.6 and 1.8 times
the ZnO sensor processed at 400°C towards 4, 5, 7, and 10 ppm of HCHO. The screen-
printed sensor processed at 400 °C was unable to detect 3 ppm of HCHO, but the sensor

processed at 500 °C traced the same concentration of HCHO with a response value 0.6.

The gas sensing mechanism of ZnO relies on the modulation of electrical
resistance in the presence and absence of the analyte gas. According to electron
depletion region theory, pre-adsorbed oxygen gas molecules get chemisorbed on the
ZnO film surface in the various forms like 05, 0~, 0%~ after the extraction of electrons
out, as shown in equations (5.6), (5.7) and (5.8); as a result, the formation of electron

depletion layer thereby electrical resistance of the sensor increases.

In; - ZIn;+e” (5.6)
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Vy—= V,+e” (5.7)
02(atmosphere) +2e” - ZO(ZSIerace) (5-8)

Lower bandgap stimulates the formation of chemisorbed oxygen molecules, but the
concentration of chemisorbed oxygen species can be increased by smaller particle size,
enhancing donor defects, and decreasing the desorption of oxygen molecules. At lower
temperature, high concentration of 02~ molecules are formed. When the analyte gases
(ammonia and formaldehyde) come in contact with the ZnO surface, chemisorbed
oxygen species oxidize the analyte gas molecules, thereby electrons are returned to the
conduction band as in equations (5.9) and (5.10). Hence, the electron depletion layer
shrinks, thereby electrical resistance decreases.

NH3 + 302, face = 3H20 + N, + 3e~ (5.9)
HCHO + 0%, fqce = €O, + Hy0 + 2e™ (5.10)

The gas response of screen printed ZnO sensors annealed at 400 °C and 500 °C
enhanced as the analyte gas concentration is increased. It may be due to the involvement
of analyte gas molecules to react with chemisorbed species increases, which causes the
release of electrons to the conduction band in large number, thereby electrical resistance
decreases considerably. The reasons behind the enhanced gas-sensing performance of
the screen-printed ZnO sensor annealed at 500 °C are high crystallinity, lesser lattice
distortion, lower bandgap and high concentration of donor defects Zni and V, in

comparison with screen printed ZnO sensor annealed at 400 °C as shown in Table 5.3.

Table 5.3 Crystallinity, crystallite size, lattice distortion, band-gap and concentration of
donor defects of screen printed ZnO sensors annealed at 400 °C and 500 °C.

Combustible Crystallinity  Crystallite Lattice Bandgap Concentration
precursor screen Size (nm)  Strain (eV) of donor
printed films x 1073 defects
annealed at
400 °C Low 21 4.47 3.09 Low
500 °C High 33 3.06 3.02 High

Oxides with high crystallinity possess periodic arrangements of cations and anions. By

virtue of periodicity, the crystal has a smaller number of defects, due to completely
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satisfied charge neutrality. On the other hand, amorphous or less crystalline materials
don’t have a periodic arrangement, the probability of defects (namely cation and/or
anion vacancies) is high, this may lead to an increase in charge concentrations (Liu et
al, 2018). Fig. 5.12 (a) illustrates the participation of chemisorbed species and ammonia
molecules during the gas sensing mechanism. ZnO with inferior crystallinity contains
a high number of electrons due to more structural imperfections (Katoch et al. 2013),
which leads to the formation of a smaller electron depletion layer (EDL), as a result a
small increase in the resistance during chemisorption process. Hence the modulation of
resistance becomes smaller during anchoring and liberation of electrons when gaseous

species come in contact, as shown in fig. 5.12 (b).
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Fig. 5.12 Schematic illustration of the gas (ammonia) sensing mechanisms in the

screen-printed ZnO sensors of different crystallinities.

On the other side, ZnO with better crystallinity, contains a smaller number of charge

carriers encourage to form larger EDL, thereby the resistance of the sensor increases
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significantly during the oxygen chemisorption process. It further leads to the
pronounced resistance modulation during adsorption and desorption, thus exhibits
superior gas responses as shown in fig. 5.12 (c). Hence, resistance modulation in high
crystalline ZnO is higher than the low crystalline ZnO during anchoring and liberation

of electrons upon exposure to the analyte gas as shown in equation (5.11).
(%)
Rg

So, better crystallinity by densification may overcome the adverse effect of

> (R—> (5.11)

High crystallinity Rg Low crystallinity

grain growth, and causes pronounced gas sensing ability in the screen-printed ZnO
sensor annealed at 500 °C. Further, less lattice distortion (0.00229) in the screen printed
ZnO sensor annealed at 500 °C assured the less scattering of electrons. Hence higher
modulation in electrical resistance upon exposure to analyte gases (ammonia and
formaldehyde) results in a higher gas response (Sahay and Nath 2008). In addition to
this, donor-related defects (Zni and V,) increases the electrostatic interaction between
the analyte gas molecules and ZnO nanostructure (Yu et al. 2016). Moreover, the
presence of cracks on the surface makes the film permeable to the analyte gases, thereby
gases comes in contact with underneath the grains, and increases the active sites for the
chemisorption (Korotcenkov 2008). It is obvious that higher annealing temperature
results in better crystallinity by densification, better crystallinity may overcome the
adverse effect of the grain growth and causes a pronounced ability to detect the analyte
gases.

Fig. 5.13 (a) and (b) depicts the real-time response of the screen printed ZnO
sensors towards the various concentration of NHs and HCHO respectively. The
response of the gas sensors not only depends on the concentration of the analyte gases,
but also on the adsorption and desorption process of oxygen molecules over the active
site of the sensors. When the analyte gases are passed over both sensor surfaces, the
resistance of the sensors decreases, which confirms the sensing behaviour. The
resistance of the sensors reaches to its baseline resistance upon removal of analyte gas,

which reveals the completion of the desorption process.
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Fig. 5.13 Transient response of screen-printed ZnO sensors processed at 500 °C and
400 °C towards different gas concentrations of (a) ammonia and (b) formaldehyde,
Response and recovery times of sensors annealed at 500 °C and 400 °C against

different gas concentrations of (c) ammonia and (d) formaldehyde.

The response and recovery time of the screen-printed ZnO sensors processed at
400 °C and 500 °C towards the different concentrations of ammonia and formaldehyde
were evaluated as shown in fig. 5.13 (c) and (d). Fig. 5.13 (c) revealed that the response
time of screen-printed sensors processed at 400 °C and 500 °C upon exposure to 0.75 -
5 ppm of NHsz were in the range from 30 to 50 s and 42 to 69 s respectively. While the
recovery time of sensor processed at 500 °C was extended from 37 to 138 s, which is
slower than the sensor processed at 400 °C (36-50 s) to the aforementioned
concentration of ammonia. Response time of screen-printed sensor processed at 500 °C
was decreased from 120 to 40 s against the HCHO concentration increased from 3 to
10 ppm. Whereas the sensor processed at 400 °C showed a response time in the range

of 97-50 s upon exposure of HCHO concentration varied from 3 to 10 ppm. Recovery
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time was in the range from 50-77 s and 27-85 s for the sensor processed at 500 °C and

400 °C respectively.

Sensor kinetics includes response and recovery time solely depends on the rate
at which the series of reactions and diffusion of oxygen vacancies (V") occurs during

adsorption-desorption of analyte gases; (i) surface reaction ( 0f = (V;")s + 2e™ +
% 0,), (ii) surface diffusion of oxygen vacancy (V;')s, (iii) the reaction between surface

(V5')s and grain boundary vacancies (Vj')gp, (iv) grain boundary diffusion of
vacancies (V5')gp, (v) the reaction between grain boundary (V') and volume
vacancies (V;")y, (vi) volume diffusion of vacancies (V") (Izu et al. 2003). When the
diffusion mechanism (ii), (iv) and (vi) is the rate-limiting step, sensor kinetics depends
on the size of crystallite. Smaller crystallites provide a shorter distance; hence the
sensor kinetics becomes faster. When the reaction steps (iii) and (v) are rate-limiting
step, then smaller crystallites make the response time quicker by facilitating the large
reaction area (lzu et al. 2003). Screen printed sensor processed at 400 °C has smaller
crystallites (20 nm) which may be helpful in the faster sensor kinetics, makes the faster

response and recovery compared to the screen-printed ZnO sensor processed at 500 °C.

As shown in fig. 5.14 (a), sensing selectivity of the screen-printed ZnO sensor
processed at 500 °C was examined, when exposed towards 5 ppm of ammonia,
methanol, ethanol, formaldehyde, toluene, and xylene gases. It was found that high
selectivity towards the ammonia (336) which was 75 and 168 times more than towards
the HCHO (4.5) and ethanol (2) respectively at room temperature. Negligence response
was found to methanol, toluene, and xylene gases. Two important reasons could be
behind the high selectivity towards ammonia compared to other gases. Primarily, the
presence of a single electron pair in NHz with pronounced electron-donating capability,
which enables the NH3 to pass over the active area of the sensing material effectively.
Second, the smaller kinetic diameter of ammonia (0.36 nm) compared to the other gases
smoothens the diffusion of gas throughout the sensing layer (Kulandaisamy et al. 2016).
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Fig. 5.14 (a) Response of screen-printed ZnO sensors processed at 500 °C when exposed
to 5 ppm of different gases at room temperature and (b) fitting curves of the response of

the sensor against ammonia and formaldehyde.

Limit of detection (LOD) of the screen-printed sensor processed at 500 °C was
estimated using equations obtained from fitted curve as shown in fig. 5.14 (b). The
relation between gas response towards various concentrations of NHz and HCHO was
fitted by a power function y = 25.8(x — 0.58)%75 (with R? = 0.97) and linear fitting
function y = 2.44x — 7.17 respectively, where y and x were gas response and
concentration. LOD of the screen-printed sensor processed at 500 °C for the NH3 and

HCHO were observed to be 0.6 and 2.9 respectively.

5.3.2.2 Undoped particle-based screen printed ZnO films

A scalable screen-printed single layer of ZnO films on the glass substrate was
uniform. Adherence of printed ZnO thick films to the glass substrates was evaluated
qualitatively by dribbling, shaking and handling the printed samples multiple times; no
powdery depletion was observed from printed ZnO films. Further, screen printed ZnO
films are still adhered to the substrate with minimal disarray of the film as shown in fig.
5.15 (a) and are compared with scale and designated as ‘4B’ according to Cross Cut
Tape Test (ASTM D3359) classification implies that 95 % of printed material is

retained due to strong adherence with the glass substrate.
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Fig. 5.15 Adhesion test of the screen printed ZnO films, (b) optical micrograph of
printed features, and (c) XRD patterns of screen printed ZnO films annealed at 500 °C
for 2 h.

The screen-printed pattern geometry is studied as shown in fig. 5.15 (b), no “sawtooth”
effect at edges is observed, which implies there is no mismatch between mesh threads
and pattern orientation. Screen printed film thickness was measured to be in the range
of 13-18 pum. The purity and crystallinity of the ZnO screen-printed films were analysed
using XRD and results of the films were plotted in the range of 20-77° (26) against
intensity in fig. 5.15 (c); the strong intense peaks of ZnO films indexed as (100), (002),
(102), (110), (103), (112) and (201), confirmed the pure phase of ZnO.

Surface morphology and elemental composition of the screen-printed films of ZnO
are shown in fig. 5.16. SEM analysis revealed that the film surface was granular and
highly porous in all three cases. Film surface morphology of the ZnO obtained from
fuel-urea, looks lumpy due to large size particles and random connectivity between the

particles.
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Fig. 5.16. SEM images and their corresponding EDS spectrum of the surface
morphology of screen-printed films of ZnO synthesized by different fuel-system (a)

urea, (b) citric Acid, (c) glycine.

Printed films of ZnO prepared from fuel- glycine are highly porous; could help in
effective adsorption and desorption of atmospheric oxygen and analyte gases to pass
over the underneath the particles. EDS spectrum depicts the presence of zinc (Zn),
oxygen (O) and carbon (C) in all screen printed ZnO films. However, atomic % of Zn
and O in each film were in non-stoichiometric proportion and excess in oxygen or
deficient in Zn were found in all samples. An insulating ZnO stoichiometrically
expected atomic % of Zn and O (in ZnO) are 50.5% and 49.5%, respectively.
Whenever, surplus or shortfall of any type of atom in the crystal, distorts the band
structure leads to increase in conductivity (Patil and Patil 2007). Each excess oxygen
atom holds two more electrons makes the ZnO non-stoichiometric and n-type
semiconductor. The carbon element traced in the printed films is attributed to the
unburnt residue of the organic vehicle. The amount of carbon in the ZnO films from
urea system slightly higher than in the films from other fuel systems.
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The variation of absorbance in the UV-vis regions of the screen-printed films of
ZnO synthesized by different fuel system is shown in the fig. 5.17 (a). UV-vis spectra
reveal that screen printed ZnO films have an absorbance in the visible region, which is
a characteristic of ZnO. Absorption edges are different from the films of ZnO processed
by different fuel system due to the changes in their carrier concentration, particle size,
surface microstructures and also, the amount of oxygen exists (Mohamed 2011; Pathak
et al. 2016).
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Fig. 5.17 (a) Absorbance spectra and Tauc’s plot (Inset) (b) PL spectra of screen printed
ZnO films.

Model for direct interband transitions gives a relationship between the absorbance
coefficient (a) and band gap (Eg) as equation 5.5. The optical bandgap is computed by
extrapolation of a straight line of (ahv)? against hv to the point, @ = 0 is shown in the
inset of fig. 5.17 (a). The optical bandgap is found to be 3.19 eV, 3.22 eV and 3.25 eV
for the films of ZnO synthesized from urea, citric acid and glycine fuel-system

respectively.

The PL spectra of synthesized ZnO from the different fuel- system is shown in
fig. 5.17 (b). The photoluminescence (PL) emission spectrum is appropriate to
understand the combination mechanisms of electron-hole pairs in semiconductor and
effectiveness of charge carrier trapping, immigration and transfer. A strong UV near
band edge emission (NBE) is observed at 389 nm, 394 nm and 400 nm in the screen
printed films of ZnO obatined from the glycine, citric acid and urea fuels, respectively,
is due to recombinations of excitons; whereas, high intensity of the peak signifies the

crystallinity of the film. Both, high carrier concentration and reduction in band gap
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contribute to the shift of the NBE emission in ZnO films (Sneha et al. 2017). Highest
NBE emission intensity at 389 nm was found in the glycine fuel system, because of the
higher recombination rate of charge carriers under irradiation of light. The PL free
exciton peak intensity at 400 nm was significantly low in the urea fuel system, implied
the effective recombinations of holes and electrons which caused to the separation of
charge carriers. The weak blue emission at ~ 447 nm mostly occurs to an acceptor
energy level of Zn vacancy (Zno). Again, the blue emission at around 470 nm attributes
to the presence of oxygen vacancies (Vo) in the ZnO films. The green emission at ~570
nm may be due to an ionized oxygen vacancy of ZnO, as oxygen vacancies capture a
hole from VB to form ionized oxygen vacancies (Vo™*) (Ni et al. 2005). Oxygen
vacancies take part a vital role in gas sensing by increasing the electrostatic interaction
between ZnO surface and the reactive gas molecules (Yu et al. 2016).

Current density of the films is measured as a function of electric field as shown
in fig. 5.18 (a), as the particles are interconnected to each other due to sintering.
Variation of resistance under UV (325 nm) irradiation of screen-printed films of ZnO
synthesised by the different fuel system is studied as a function of exposed duration, as
shown in fig. 5.18 (b).
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Fig. 5.18 (a) J-E characteristics curves of screen printed ZnO films (b) Resistance of

screen printed ZnO films exposed to UV-light with different exposure time.

The resistance of screen printed ZnO films is decreased as the exposure time of
the UV is increased. It’s obvious that when the polycrystalline metal oxide irradiates to
UV light, recombination of chemisorbed 05 ions with the photogenerated holes

liberates O, molecules: h* + 05 — 0, . This process sluggish further chemisorption
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of 05 ions as it reaches to saturation and maintains an original electron rich state of
ZnO. Photo excitation reduces the inter-grain barrier height, as a result density of free
carriers may be increased throughout the films (Zhang et al. 2003). Particularly, ZnO
has slow photoconduction decay, which is controlled by surface defects (Takahashi et
al. 1994). ZnO film from glycine fuel-system shows a significant decreasing trend with
exposed time upto 45 sec with a maximum conductance of ~ 20 nS, compared to other
ZnO films. Since measurements are executed in the air, the effect of the ambient O>

molecules is present throughout the process.

The gas response of the screen-printed films of ZnO prepared by different fuel
system were evaluated and compared at different operating temperature ranging from
ambient to 450 °C with increment of 50 °C upon exposure to 100 ppm concentration of
NHs, C2HsOH, LPG and Cl; gases as shown in fig. 5.19.

g (a) ‘ NH;: 100 ppm I 4.51 (b) C,H,OH: 100 ppm
7] 4.0
9 6] —O—Urea _ Y 3.5 —O— Urea
z —&— Citric acid £ 3.0 —&— Citric acid
g o —O—Glycine S5l —&— Glycine
] ] @D
z 4 & 2.0
@ 3 £ 15
O 2 © 1.0]
11 0.5
0+ 0.0
v T L T o T v T A4 T . T L T v T v T T T T v T T T T T T
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Operating Temperature ( °C) Operating Temperature ( °C)
() LPG: 100 ppm || 3.01(d) Cl,: 100 ppm |
‘s o 25 —0— Urea
2 5] ~—&— Citric acid b Citric aci
i 7 ‘ £ 2.0 —&— Citric acid
g " —O— Glycine g 0— Glycine
7 215
& 3 =z
g ,] § 1.0
e 0.5
] .
0+ 0.0
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Operating Temperature ( °C) Operating Temperature ( °C)

Fig. 5.19 Gas response as a function of the operating temperature of a screen-printed
film of ZnO obtained from different fuel system exposed to 100 ppm of (a) ammonia,
(b) ethanol, (c) LPG and (d) chlorine gases.

Gas sensing mechanism of metal oxide in the presence of analyte gases depends

on the surface reactions (Lupan et al. 2018). First, atmospheric oxygen molecules are
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physiosorbed on the metal oxide surface sites. Molecular species can be chemisorbed
at the surface by capturing electrons in the conduction band, concurrently an electron
depletion region is formed (eq. 5.12); as a result, conductance of the metal oxides
decreases.

02(atmosphere) + 2e(_cond. band) - 20(_film surface) (5-12)

In the ZnO films, donor defects Zn; (neutral), which act as an electron donor
and electrons are extricated as Zn; < Zn; + e~ . Secondly, the target gas reacts with
chemisorbed oxygen species present on the surface and gets oxidised. The chemisorbed
oxygen species which are utilized to oxidize the analyte gas molecules released the
electrons back to the conduction band asR + O_;; = RO + e~. Hence, electron
depletion layer is narrowed, conductance of the films are retained. Usually, desorption
of RO happens in higher temperature. Screen printed ZnO films obtained from glycine
and citric acid respond to ammonia gas at low operating temperature. Highest response
~ 8 was found in ZnO obtained from glycine system. Release of electrons from
chemisorbed molecular oxygen back to the conduction band when exposed to NH3z as
follows (equ. 5.13) (Wagh et al. 2006);

2NH3(gqs) + 30570 = 3H20 + Ny + 32004, bana (5.13)

Maximum ethanol gas sensitivity ~ 4 was found in ZnO films synthesized from
glycine fuel-system at 100 °C. Carbon-di-oxide and water are produced by the release
of electrons to the conduction band, when ethanol reacts with 05 , as equation 5.14
(Patil et al. 2007);

CZHSOH(gas) + 60(2Z_n0) - 2C02(gas) + 3HZ O(gas) + 129C_0nd.band (5-14)

Butane (55 %) is the major constituents of LPG with CHa4 (6%), C2Hs (8%), CsHs
(11.5%) and CsHi2 (4.5%). At higher temperature, alkanes are decomposed thereby
generates H*, which combines with anion super oxide O, to release water and
molecular oxygen. When alkanes react with chemisorbed 05, a complex reaction take
place as follows (equ. 5.15) (Patil et al. 2006);

CaHans2(gas) + Bn + 1080y = nCO0y(gas) + ( + 1)H30(gas) + (612)€c0na bana
(5.15)
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Maximum sensitivity to LPG gases is ~ 6 at operating temperature 350 °C in

ZnO sensor from citric acid system and it decreases with increasing temperature.

A maximum response of ~ 2.75 at operating temperature of 200 °C to chlorine
gas is found in ZnO films obtained from glycine, but ZnO films obtained from the urea
fuel system show poor response to chlorine gas, as because of the substitution of oxygen
by chlorine is not easier. In the present case the feasible reaction is shown as equation
5.16;

Clz(gas) + Og(_ZnO) - 2Cl(ad) + 02(gas) + 2ec_ond.band (5-16)

Further, H>S gas sensing properties of ZnO films obtained from various films
were estimated when it was exposed 50 ppm concentration at operating temperature
varies from room temperature to 450 °C depicted in fig. 5.20. The film of ZnO obtained
from glycine shows maximal response ~ 10 at operating temperature 100 °C compared
to ZnO synthesized from other fuel-system towards 50 ppm of H.S gas. The reaction
of H2S with O3 in order to increase the conductance of the ZnO films, is as follows
(equ.5.17) (Kim et al. 2011);

2st(gas) + 3022(_2110) - 2H20(gas) + SOZ(gas) + 6ec_ond.band (5-17)
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Fig. 5.20 Gas response as a function of the operating temperature of a screen- printed
films of ZnO obtained from different fuel system exposed to a 50 ppm of hydrogen

sulphide in the air.

The response of ZnO films towards the analyte gases exhibited an increasing trend up

to a maximum value with an operating temperature then follows a decreasing trend.
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The semiconductor metal oxide sensor operates only within a particular temperature
window, when they are exposed to certain concentration of target gas. High sensitivity
of ZnO was noticed towards the gases such as NH3 and C,HsOH at low temperature. It
is obvious that, formation of chemisorbed oxygen species O~ and 0%~ is depends on
temperature. At lower temperature, higher concentration of 0%~ chemisorbed which
promotes effective interaction between Hz and O? ions and resulted into the high
sensitivity. At higher temperatures, concentration of 0%~ depletes as a result there will
be less interaction between analyte gases, which leads to the decrement of sensitivity
(Lupan et al. 2010). But sensitivity value becomes high, when it is exposed to LPG and
Cl2 gases at high operating temperatures 350 °C and 200 °C, respectively. The reason
behind this, at low temperature the formation of chemisorbed oxygen species is less,
also passivates the films surface for additional adsorption of oxygen (Windischmann
and Mark 1979). Moreover, H ions forms after decomposition of alkanes at higher
temperature and also interaction of O% with chlorine gas is not easier at lower
temperature. Apart from the adsorption and desorption, the operating temperature
influences the charge carrier-concentration, Debye length, and work function of the
semiconductor. Carrier-concentration (conductivity) increases and Debye length
shortens, when temperature is relatively high; as a result the sensitivity get decreased
(Mizsei 1995). Crystallites in polycrystalline metal oxide are connected to their
neighbours either by necks or by grain boundary contacts. Grain boundary control (Dy
>> 2L), neck control (Dy > 2L) and grain control (Dv << 2L) are three sintering
mechanisms solely depends on crystallite size (Dy) relative to twice the space charge
(2L). Dy of the synthesized powders by three fuel system are larger than the 2L. When
Dy >> 2L, charge carriers move across a potential barrier at each grain boundary, the
barrier height of which alters with the surrounding atmosphere, i.e. sensing gases
(Ansari et al. 1997). Gas sensitivity via the change in electrical resistance is controlled
by the grain boundary contacts through which carrier flow. Lattice distortion in the ZnO
synthesized from urea-fuel system is larger than ZnO synthesized by the other two fuel
system. Lower sensitivity was observed with screen-printed film of ZnO synthesized
from the urea system. With the higher lattice distortion, charge carrier scattering will
be dominant, resulted into a small resistance modulation in the film when exposed to

analyte gases and hence the lower sensitivity is obtained (Sahay and Nath 2008).
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Table 5.4 Particle size, stoichiometry, crystallite size and lattice distortion of ZnO
Sensors.

Fuel Particle  Stoichiometry Crystallite Size (nm) dilg,?;?t?gn
system  size (um) (O: Zn) Scherrer W-H ISM (& X 107)
Urea 04,75 1.44 34 38 0.616

Citric
Acid 094,75 1.35 36 39 0.159
Glycine 0.84 1.46 39 44 0.335

Due to larger particle size and non-uniform particle size distribution in the ZnO sensor
from citric acid fuel system hinders gas sensitivity, even though have less lattice
distortion. ZnO films from glycine fuel system possess good UV and gas sensing
characteristics, the reasons may be due to smaller particle size, uniform particle size
distribution, crystallite size and less lattice distortion (as shown in Table 5.4). These
factors may be caused to increase the exposed surface area and porosity, hence the
diffusion of atmospheric oxygen and target gas molecules is increased (Dey 2018; Xu
et al. 2000).

The response and recovery characteristics of glycine-combusted ZnO thick
films towards the 100 ppm of NHs at working temperature 50 °C was recorded with

time as shown in fig. 5.21.
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Fig. 5.21 Response and recovery time and long-term stability (Inset) of screen-printed
films of ZnO synthesized from glycine fuel system when exposed to 100 ppm NH3 at
50 °C.
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It can be noticed that dynamic of the sensor is very fast whose response and recovery
times are 29 s and 17 s respectively. Long-term stability of the gas sensing properties
of screen-printed thick films of ZnO synthesized from glycine fuel system was
investigated after 60 days for the 100 ppm of NH3 at operating temperature 50 °C as
shown in the inset of fig. 5.21. No change was observed in the gas response of the
screen printed ZnO sensor exposed to the gas. Sensor showed good stability as the

variation in response under the exposure of NHs was less than 6%.

5.3.2.3 Pristine, Sr-doped ZnO and RuO: activated Sr doped ZnO screen printed

films

The XRD patterns of the pristine and RuO activated Sr-doped ZnO heterostructure
films are shown in fig. 5.22. Wurtzite Sr doped ZnO has diffraction peaks at 31.76°,
34.46°, 36.31°, 47.62°, 56.69°, 68.08° and 69.23° which are assigned to reflection
planes of (100),(002),(101),(102),(110),(200),(112)and (201) (ICDD 01
—079-0205). There is a slight shift of (101) peak towards the higher diffraction angle
and is shown in fig. 5.22 (b); it may be due to the doping of Sr element in ZnO caused

the aberrance of ZnO crystal lattice.
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Fig. 5.22 XRD patterns of pristine and surface activated Sr-doped ZnO screen-

printed films
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There is a slight shift of (101) peak towards the higher diffraction angle and is shown
in fig. 5.22 (b); it may be due to the doping of Sr element in ZnO caused the aberrance
of ZnO crystal lattice. Vijayan et al. reported a similar shift of diffraction peaks to
higher angles in Sr doped ZnO (Vijayan et al. 2008). ZnO films are associated with
some intrinsic point defects such as Zn interstitial, oxygen vacancy etc. With the doping
of Sr atoms in the ZnO lattice, variations of point defects density and their distribution
may lead to the changes in the lattice constant, lattice strain and stress. Three additional
peaks are observed at 27.6° 34.8° and 54° in surface activated Sr-doped ZnO
heterostructure films confirming the presence of RuO (ICDD 03-065-2824). Surface
activation of Sr-doped ZnO and followed by annealing at 500 °C for 30 min resulted
into the formation of RuO2 from RuCls.

Cohen’s analysis method is employed to calculate the precise lattice constants
‘a’and ‘c’, so that systematic and random errors are minimized. (The steps involved in
the calculation of the lattice parameter of Sr-doped ZnO using Cohen’s method is
shown in Appendix V). Unit cell volumes and bond length (I) of the Zn-O are
calculated using the relations (3.19) and (3.20). Lattice constants of the Sr-doped ZnO
and RuO activated Sr-doped ZnO screen printed filmsare a = 3.21 A,c = 5.19 A and
a=322A,c=519A respectively. Axial ratio (c/a) of hexagonal close-packed
crystal structure for both the films are found to be 1.61 and 1.612, respectively. Bond
length (Zn-0) and unit volume of Sr-doped ZnO films are calculated to be 1.96 A and
46.78 A3 respectively, whereas for RuO> activated Sr-doped ZnO films are found to be
1.96 A and 46.6 A3 respectively.

Crystallite size of pristine and RuO> activated Sr-doped ZnO screen-printed
films obtained by Scherrer (3.7), W-H ISM (3.9), W-H ASM (3.10) and W-H EDM
(3.12) equations (Plots of W-H ISM, W-H ASM and W-H EDM for the calculation of
crystallite size are shown in Appendix V) are tabulated in Table 5.5. The average
crystallite size of the films obtained from various models is comparable. The crystallite
size of ZnO phase in RuO> activated Sr-doped ZnO films increased from 28 nm to 40
nm after the successive annealing of films at 500 °C for 30 min after dipping in the

RuCls aqueous solution.
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Table 5.5 The estimated microstructural parameters of pristine and RuO> activated Sr-

doped ZnO screen-printed films.

Screen printed Crystallite size of ZnO using different methods
thickfilms - o ferrer — W-H ISM W-H ASM W-H EDM
DvM b, ¢x10° Dv o(MPa) Dy u(k-m?)
(nm) (nm) (nm)
Sr-doped ZnO 24 28 0477 27 43 27 8.65
RuO:; activated 29 40  0.834 39 95 39 48

Sr-doped ZnO

The morphological analysis of pristine and RuO; activated Sr-doped ZnO
screen printed films are depicted in fig. 5.23 and inset shows photograph of the sensor
comprises films with two silver electrodes. Screen-printed films of Sr-doped ZnO
particles are porous with foam-like structure; which facilitates the more active sites on
which the oxygen species can be adsorbed. It enables the mobilization of gas molecules
through pore channels and facilitates the gases to have contact with the underneath
particles. Whereas in RuO activated films sub-micron particles are randomly
distributed over the substrate with the less porous structure compared to pristine one, it
may be due to the collapse of the foam-like structure after dipping the Sr-doped ZnO

film in ruthenium chloride aqueous solution.
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Fig. 5.23 SEM spectra of (a) pristine and (b) RuO- activated Sr-doped ZnO screen-
printed films.

Elemental composition of Sr-doped ZnO and ruthenium activated Sr-doped ZnO is
depicted in fig. 5.24 (a) and (b), which confirms the doping concentration of Sr element
in ZnO is ~ 1 at. %. Approximate areal porosity of films is found to be 22 % and 7 %
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for Sr-doped ZnO and RuO; activated Sr-doped ZnO screen-printed films respectively
as shown in fig. 5.24 (c) and (d).
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Fig. 5.24 Elemental composition of (a) Sr-doped ZnO and (b) RuO2 activated Sr-doped
ZnO screen printed films. Areal porosity of (¢) Sr-doped ZnO and (d) RuO> activated

Sr-doped ZnO screen printed films.

XPS survey scan reveals the presence of zinc (Zn), oxygen (O), strontium (Sr),
ruthenium (Ru) and carbon (C) in the respective screen-printed films and is shown in
the fig. 5.25 (a). The C 1s XPS spectra of undoped ZnO, Sr-doped ZnO and RuO:
activated Sr-doped ZnO screen printed films depicted in fig 5.25 (b), (c) and (d), were
fit with four synthetic peaks centred at 284.6 (C-H, peak A), A + 1.5 (C-O, peak B), A
+ 3.0 (O=C, peak C), and A + 4.5 eV (COs*peak D). The positions of these peaks were
allowed to vary by £ 0.2 eV. But, C 1s spectra of RuO> activated Sr-doped ZnO is quite
complex, because deconvoluted C 1s spectra has two more components at 280.7 eV and
281.8 eV assigned to the Ru 3ds/2 in addition to the four synthetic peaks as explained
earlier. Peaks at 280.7 eV and 281.8 eV represent the valence state of Ru** and Ru®*
confirms the presence of RuO2 and RuCls respectively (Iriondo et al. 2010; Lemay et
al. 1986; Shen et al. 1991).
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Fig. 5.25 (a) XPS survey scan, (b), (c) and (d) deconvoluted C 1s peaks of ZnO, Sr-
doped ZnO and RuO: activated Sr-doped ZnO screen printed films.

Fig. 5.26 (a), (b) and (c) shows the high-resolution XPS spectra of the Zn 2p, Sr
3d32, Ru 3par of RuO: activated Sr-doped ZnO heterostructure screen printed films.
Two strong peaks observed at binding energies of 1046.9 eV and 1023.9 eV in Zn 2p
spectra correspond to the spin-orbit of Zn 2py2 and Zn 2psj. respectively, which
confirms the presence of element Zn in wurtzite ZnO structure in the form of divalent
(Zn?*) oxidation state (Navaneethan et al. 2017). In narrow scan spectra of Sr 3dss
reveals that valence state of Sr element in the Sr-doped screen-printed films are Sr (1)
and Sr (0). It clearly shows that peak at 134 eV and 133.5 eV attribute to Sr atoms in
the wurtzite and non-wurtzite structure, respectively (Liao et al. 2006; Sosulnikov and
Teterin 1992). The deconvoluted Ru 3ps2 peak has two components with binding
energies of 462.03 eV and 464.56 eV. The strong peak at 462.03 eV assigns to the Ru**
valence state, confirms the presence of conducting RuO2 (Wang et al. 2014). To
support this, the XRD pattern of RuO> activated Sr-doped ZnO screen-printed film
shows the presence of RuO2 phase of rutile structure. The low-intensity deconvoluted
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peak at 464.56 eV corresponds to the formation of RuOs/Ru from the RuO; as per the
following reaction (equ. 5.18) (Shen et al. 1991):

3 1
=Ru0, - RuO; + = Ru° (5.18)
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Fig. 5.26 XPS spectra of the (b) Zn, (b) Sr 3ds2 and (c) Ru 3ps/2 elements present in the
RuO: activated Sr-doped ZnO screen printed films and (d) deconvoluted O 1s peak of
the undoped ZnO, Sr-doped ZnO and RuO: activated Sr-doped ZnO screen printed
films.

The O 1s peak of all the screen-printed films are deconvoluted and shown in
fig. 5.26 (d). All deconvoluted O 1s spectra has three components at binding energies
of 530 £ 0.2 eV, 531.1 £ 0.2 eV and 532.2 £ 0.2 eV. The peak at 530 £ 0.2 eV
corresponds to the O% ions in the wurtzite structure of Zn?* ion array, and also the O*
anions are surrounded by Sr atoms and Zn atoms in Sr-doped ZnO films. The peak at a
binding energy of 531.1 + 0.2 eV attributes to the O% ions signifies the non-
stoichiometry and point defects due to oxygen vacancies (V") (Q. Zhu et al. 2014). The
peak at 532.2 + 0.2 eV reveals the presence of chemisorbed oxygen species on the

surface of films. The peak at 533.2 £ 0.2 eV is associated with the oxygen of
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carboxymethyl ether (COO™) group presence in Na-carboxy methylcellulose. The
additional component at 529 £ 0.2 eV observed in the O 1s spectra of RuO; activated
Sr-ZnO films is assigned to the RuO> (Shen et al. 1991).

Crystallite size, lattice strain, ratio of concentration of oxygen vacancies to the
lattice oxygen (Vo/M-O-M), the ratio of the concentration of the chemisorbed oxygen
species to the lattice oxygen (0%/M-0O-M), and areal porosity of undoped ZnO, Sr-
doped ZnO and RuO: activated Sr-doped ZnO films are tabulated in Table 5.6.
Strontium dopant controls the crystallite growth in Sr-doped ZnO, leads to the
formation of smaller crystallites than the undoped ZnO. Increase in crystallite size is
found in the RuO; activated Sr-doped ZnO due to subsequent annealing of Sr-doped
ZnO films after RuO activation. Lattice strain in the Sr-doped ZnO films is quite
smaller than the other two screen-printed films. Less concentration of chemisorbed
oxygen species and oxygen vacancies (Vo) is found in RuO; activated Sr-doped ZnO
films than the other two films. Percentage of areal porosity of Sr-doped ZnO films is
22 %, is higher than RuO; activated Sr-doped ZnO thick films (7%).

Table 5.6 Crystallite size, lattice distortion, chemisorbed oxygen to lattice oxygen,
oxygen vacancies to lattice oxygen and areal porosity of ZnO, Sr-ZnO and RuO:

activated Sr-doped ZnO sensor.

Crystallite  Lattice =~ O%*/M-O-  V,/M-O- . r%g?tal (in
Size (nm)  Strain M M p Yy
%)
Zn0O 42 0.678 0.63 0.46 -
Sr-ZnO 27 0.477 0.60 0.423 22
RuO:; activated Sr-
doped ZnO 39 0.834 0.26 0.345 7

The variation of absorbance in the UV-Vis-IR regions of Sr-doped ZnO and
RuO: activated Sr-doped ZnO screen-printed films are shown in fig. 5.27. In UV-vis
spectrum, screen printed ZnO films have an absorbance in the visible region (~380 nm),
which is a characteristic of ZnO. Model for direct interband transitions gives a
relationship between the absorbance coefficient (o) and bandgap (Eg) and the relation
is denoted by the equation. 5.5. The optical band gap of ZnO synthesized by the glycine
nitrate combustion process is observed to be 3.25 eV reported in the fig. 5.17 (a).
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Fig. 5.27 Absorbance spectra and tauc’s plot of pristine and RuO- activated Sr-ZnO

screen-printed films.

The optical bandgap for the screen-printed films of pristine and RuO; activated Sr-
doped ZnO is found to be 3.227 eV and 3.228 eV, respectively. Similar fact was
reported in the literature, where incorporation of Sr atoms in the ZnO lattice resulted in
a decrease in the bandgap (Eg). This redshift of the bandgap may be due to sp-d
exchange interactions between the band electrons and localized d-electrons. The s-d
and p-d exchange interactions are expected to contribute positive and negative
corrections to the valence band (VB) and conduction band (CB) respectively, thereby,
the bandgap gets reduced (Raj et al. 2016).

The gas response of the undoped ZnO, Sr-doped ZnO and RuO- activated Sr-
doped ZnO screen-printed sensors against various concentration (1 - 50 ppm) of NH3
gas at room temperature is shown in fig. 5.28 (a). It is observed that Sr-doped ZnO
sensor exhibited high response than the other sensors. Notably, the gas response is
enhanced to 1.1, 2, 2.7, 3 and 9 times higher than the undoped ZnO, when exposed
towards 1, 5, 10, 25 and 50 ppm of ammonia gas, respectively. Gas response of RuO>
activated Sr-doped ZnO was diminished drastically 0.73, 0.45, 0.31, 0.35, 0.3 times in
comparison with undoped ZnO, with increase in the concentration of ammonia from 1
to 50 ppm. This means that the gas response of Sr-doped ZnO was decreased from 70

to 1.2 against 50 ppm of ammonia gas after the RuO; activation.
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Fig. 5.28 (a) NHs gas response of undoped ZnO, Sr-doped ZnO and RuO: activated Sr-
doped ZnO sensor exposed to various concentration at room temperature. (b) Response
of Sr-doped ZnO sensor towards the 50 ppm of different gases at room temperature (28
°C).

The selectivity of Sr-doped ZnO sensor was investigated upon exposure to 50 ppm of
acetone, ammonia, toluene, and xylene at room temperature, as shown in fig. 5.28 (b).
Sr-doped ZnO based sensor exhibited excellent selectivity towards the ammonia gas.
The main two reasons caused to the high selectivity towards NH3 against some of the
VOCs such as acetone, toluene, xylene are; firstly, NHs molecule has lone electron pair
and strong electron donating ability. It can be transferred easily to the sensing material,
results into the change in resistance considerably when it comes in contact. Secondly,
the kinetic diameter of the NHz gas is lower than the kinetic diameter of acetone, toluene
and xylene molecules, which facilitates the ease diffusion of gas into the sensing layer
(Navaneethan et al. 2017).

The gas sensing mechanism of semiconductor metal oxides solely depends on
the modulation of its electrical resistance upon exposure to analyte gases (Fig. 5.29).
Initially, atmospheric oxygen molecules are physiosorbed on the semiconductor metal
oxide surface sites. The physiosorbed oxygen molecules get converted into
chemisorbed oxygen species (0~ or 0%7) by capturing electrons in the conduction band
is shown in equation 5.19, thereby an electron depletion region is created; it results into

an increment in electrical resistance (Ra) of the semiconductor metal oxides.

Oz(atmosphere) + 2e(_cond.band) - 20(2f_ilm surface) (5-19)
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The lower bandgap stimulates the formation of chemisorbed oxygen species (O~ or
027) on the sensor surface. The concentration of chemisorbed oxygen can also be
increased by decreasing particle size, increasing oxygen vacancies and depreciating the
desorption (Zhu and Zeng 2017).

In all screen-printed films, donor defects Zn; (neutral), which act as an electron
donor and electrons are extricated as Zn; < Zn; + e~ . In parallel, the NH3 gas reacts
with chemisorbed oxygen species present on the surface and induces oxidation of target
gas molecules. The chemisorbed species are utilized to oxidize the NH3 gas molecules,
results in the release of electrons from the chemisorbed molecular oxygen species to
the conduction band, as shown in equation 5.20. Hence, released electrons are
participated in the conduction, results in the shrinkage of electron depletion layer and
decrease of electrical resistance (Rg) of the films (Wagh et al. 2006).

2NH3(gqs) + 30570 = 3H20 + Ny + 3204 pana - (5.20)

The gas response of all screen-printed films enhanced with the increase in analyte gas
concentration. High NHz concentration promotes the involvement of more chemisorbed
oxygen species 027, leads to the release of more electrons to the conduction band of
semiconductor metal oxides. Thereby, a decrement in electrical resistance is found
considerably.

The reasons behind the enhancement of gas response in the Sr-doped ZnO sensor
are mainly due to smaller crystallite size and lesser lattice distortion (Table 5.6).
Smaller crystallite size in Sr-doped ZnO films reduces the potential barrier for the flow
of electrons by neck control contacts whereas undoped ZnO with larger crystallite size
possess higher potential barrier due to grain boundary contact between two
neighbouring grains, thereby restricts the flow of electrons. Also, Sr-doped ZnO
particles offered high BET specific surface area 12.05 m?/g, with an average smaller
particle size of 0.53 + 0.1 microns compared to previously reported undoped ZnO
particles (6.97 m?/g and 0.84 microns). Smaller particles size with the higher specific
surface area may provide more active sites for the adsorption and desorption of oxygen
and analyte gas molecules (Zhu and Zeng 2017). In addition to this, lattice distortion
(e) with higher values 0.678 and 0.834 in undoped ZnO and RuO: activated Sr-doped
ZnO heterostructure sensor respectively, may be caused to more scattering of charge
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carriers and resulted into a smaller resistance modulation when exposed to ammonia
gas.

Even though the crystallite size (Dv) and lattice distortion (¢) of RuO; activated Sr-
doped ZnO heterostructure sensor are almost same as undoped ZnO, still exhibits lower
response which is nearly half the value of gas response of the undoped ZnO sensor. It
is because of the decreased concentration of oxygen vacancies (Vo) and chemisorbed
oxygen species (O%) in RuO; activated Sr-doped ZnO sensor compared to other
sensors. Formation of RuO: layer over the Sr-doped ZnO sensor may be acted as a
passivation layer for the adsorption of oxygen species over the surface resulted into
formation of lesser concentration of the chemisorbed oxygen species. Furthermore,
adsorbed oxygen species may be utilized to oxidize the RuO2 to RuOsz and caused to
the less availability of physiosorbed oxygen species; hence no-spill over mechanism is

observed as shown in fig. 5.29.

In air In ammonia

Potential Barrier
Ec

Potential barrier in ammonia

@ Oxygen @ Chemisorbed @ Ammonia 2 Wat Ni «» Ruthenium
P, Q ater @@ Nitrogen Oxide

Fig. 5.29 Schematic representation of gas sensing mechanism of undoped ZnO, Sr
doped ZnO and RuO: activated Sr-doped ZnO sensor with band diagram when

exposure to air and ammonia.
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The same phenomenon was noticed in Pt and Pd decorated over SnO2 particles which
were oxidized using adsorbates to form PtO and PdO, and ended up into less
concentration of chemisorbed oxygen species due to no-spill over catalytic activity,
hence the gas response was decreased in case of decorated SnO: (Liu et al. 2015).

Five-time cycling response of undoped ZnO, Sr- doped ZnO and RuO: activated
Sr-doped ZnO sensors for different concentration of NH3 gas is depicted in Fig. 5.30
(@), (b) and (c). Transient response of the sensors varies with the concentration and
depends on the adsorption and desorption of oxygen molecules on the surface of the
sensors. When the airflow replaces the NHz gas flow, the electrical resistance returns
to its original value implies the complete desorption of NH3 molecules. After RuO>
activation, the resistance of Sr-doped ZnO film decreases from 350 MQ to 0.13 MQ as

shown in fig. 5.30 (c), may due to the consistent metallic conductivity of RuO..
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Fig. 5.30 Transient response of (b) ZnO (c) Sr-doped ZnO, (c) RuO; activated Sr-doped
ZnO films and (d) response time and recovery time of screen-printed films towards
different concentration of NHs.

Fig. 5.30 (d) depicts the response and recovery time of all sensors against the
various concentration of NHs. It is observed that the Sr-doped ZnO sensor having
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smaller crystallite size exhibited the faster response compared to the other two sensors.
Crystallite size, oxygen vacancies (Vo) influence the sensor Kkinetics characteristics
mainly response time of the gas sensor. Usually, metal oxide semiconductor sensors
detect gases by modulating its resistance. When sensors exposed to target gas, change
in resistance observed because of the series of reactions and diffusion as explained
earlier. When diffusion influences the sensor kinetics, smaller crystallite size offers a
shorter distance for it. The crystallite size has a role to accommodate the successive
reactions of vacancy among surface, grain boundary and volume. Therefore, Sr-doped
ZnO sensor with smaller crystallite size exhibited a quick response to the ammonia gas

than the other screen-printed sensors.

5.3.3 Screen printed pristine and La-doped BaSnOs films — gas sensing

applications

The X-ray diffraction patterns of BSO, LBSO, CLBSO and RLBSO films are
shown in fig. 5.31 (a). The pristine BSO films exhibited the presence of pure cubic
perovskite BaSnOs phase (ICDD: 15-0780) with diffraction peaks (110), (111), (200),
(211), (220) and (310). The existence of La-doped BaSnOs phase without any
secondary phases was detected in LBSO film, whereas additional small traces of CeO,.
x (ICDD: 49-1415), CeO166 (ICDD: 01-089-8434) and BasRu2010 (ICDD: 01-089-
7866), BaRuO3 (ICDD: 01-074-4486) phases are found with LBSO phase in CLBSO
and RLBSO films respectively. A right shift in the (110) plane in LBSO compared to
BSO film is observed (fig. 5.31 (b)) and this shift may be due to the partial substitution
of Ba 2" ions by La®* ions, which confirms the successful doping of La in BaSnOs. The
magnified region highlighting the mentioned additional phases in CLBSO and RLBSO
films are shown in fig. 5.31 (c), respectively. The formation of the additional cerium
oxide phases and ruthenates in CLBSO and RLBSO films is attributed to the oxidation
of CeClzand RuCls while annealing the dipped film as a part of surface sensitization. It
is noticed that the intensity of (110) main peak of BSO film is almost same as of (110)
main peak of LBSO film, but the FWHM of (110) main peak of LBSO film is increased
compared to BSO main peak, this is attributed to the decrease in the crystallite size.
The average crystallite size of the BSO, LBSO, CLBSO and RLBSO films is estimated
by using the Scherrer equation (3.7), and found to be 34, 29, 28 and 28 nm respectively,
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as shown fig. 5.31 (d). It is noticed that the crystallite size of BSO has reduced after
doping with La. The reason behind the formation of smaller crystallite size upon doping
can be attributed to the inhibition of grain growth of BSO by dopant La even at high
processing temperature (Dey 2018).
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Fig. 5.31 (a) X-ray diffraction patterns of BSO, LBSO, CLBSO and RLBSO screen
printed films, (b) Peak shift of (110) diffraction plane of LBSO (c) magnified region
showing the additional phases appeared in CLBSO and RLBSO screen printed films,
respectively, and (d) Crystallite size of the BSO, LBSO, CLBSO and RLBSO screen

printed films.

Morphological features of all the BSO based screen printed films characterised
using FESEM are shown in fig. 5.32 (a-d). Micrograph of pristine BSO screen-printed
film (shown in fig. 5.32 (a)) revealed that the presence of small needle-like structures
on the agglomerated micro-sized particles. Morphology with grown needle-like
structures with an average D/L ratio of 0.1 on the smaller agglomerated particles is
observed in the LBSO screen printed films as shown in fig. 5.32 (b). It is noticed that
morphology of the LBSO is quite different from BSO screen printed films. The reason
behind this could be the dopant La inhibited the grain growth of BaSnOs in two
directions and allowed to grow in only one direction, thereby the small needle-like
structures on the agglomerated micro-sized particles in BSO film has been transformed

to a morphology comprising lengthier needles in LBSO film. So many literature
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reported that the dopant La yields control over the morphology of La-BaSnO3z system
(Purushothamreddy et al. 2020). Similar needle-like structures appeared partially from
granular morphology after doping of La in perovskite SrTiOz also recognised in the
previous report (Songwattanasin et al. 2019).

Fig. 5.32 FESEM images of the (a) BSO, (b) LBSO, (c) CLBSO (d) RLBSO screen
printed films and (e) EDS elemental mapping of the LBSO screen printed film.

In the CLBSO films, some needles are clubbed and formed twisted-root structure along
with the agglomerated particles and also the reduction in the concentration of needle-
like morphology is observed, as shown in fig. 5.32 (c). Morphology of RLBSO film
resembled the grouped star-fish structure, which leads to less porosity in the film as
depicted in fig. 5.32 (d) and notably the presence of needle-like structures is completely
disappeared after the immersion in the LBSO film the aqueous ruthenium chloride
solution. The reason behind this could be the ruthenium chloride combined with the
LBSO phase and caused the formation of separate phases of barium ruthenate by
involving the atoms of Ba from the LBSO crystal structure. Formation of the secondary
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phases using the atoms of the parent phase LBSO might have caused the disappearance
of needle-like morphology in RLBSO film. The EDS elemental mapping of the
nanostructured LBSO screen printed film is depicted in fig. 5.32 (e). which revealed
the uniform distribution of elements such as lanthanum (La), barium (Ba), Tin (Sn),

oxygen (O) and carbon (C).

The XPS wide scan spectra of all the BSO based screen-printed films is depicted
in fig. 5.33 (a), which revealed the presence of elements such as barium (Ba), tin (Sn),
oxygen (O), lanthanum (La), cerium (Ce), and ruthenium (Ru) in the respective films.
The Carbon 1s (C 1s) peak centred at 284.6 eV is used for calibration of the XPS
spectra. The peak fitting of the C 1s peak is performed to determine the position of the
C-H peak for accounting the charge correction. (The deconvoluted C 1s XPS spectra
and details of BSO based screen printed films are shown in Appendix VI and VII). The
deconvoluted high-resolution spectra of O 1s peak of all the BSO based screen printed
films are represented in fig. 5.33 (b-e). The O 1s peak is coherently fitted into four
peaks centred at binding energies of 530 £ 0.3 eV, 531.1 £ 0.3 eV, 532.5 £ 0.3 eV and
534.3 + 0.3 eV. The binding energies located at 530 £ 0.3 eV, 531.1 £ 0.3 eV, 5325 +
0.3 eV corresponds to the lattice oxygen (OL), oxygen vacancies (Ov) and surface
adsorbed oxygen molecules (Oa) respectively (Xi et al. 1992; Yang et al. 2020). The
component at 534.3 + 0.3 eV associated with C=0 is attributed to the hydroxyethyl
cellulose, which is used as a binder in this study (Lhoest et al. 1995). The respective
position, area of the O 1s deconvoluted components, and the ratio of the Oy/O of all
the BSO based screen printed films are shown in Appendix VIII. The Ov/O ratio for
the BSO, LBSO, CLBSO and RLBSO screen printed films is found to be ~1.7, ~2.6,
~1.1 and ~ 1.5 respectively as shown in fig. 5.33 (f). It is observed that the oxygen
vacancy concentration is raised in LBSO film compared to pristine BSO film, whereas
a reduction of it is observed in sensitized CLBSO and RLBSO films. The attractive
force between La*" and O is less compared to Ba* and O, This is due to the different
electronegativity values of Ba®* (0.89), La®* (1.1) and O (3.44), which indicates that
ions of Ba have the ability to attract strongly with ions of O (Luo et al. 2015). Because
of the low attraction between La and O, the chances of escaping of O atoms from the
lattice will be high, forming high oxygen vacancy concentration in LBSO film
compared to pristine BSO film.
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Fig. 5.33 (a) XPS wide scan spectrum, high-resolution spectra of O 1s peak (b) BSO,
(c) LBSO, (d) CLBSO and (e) RLBSO films, and (f) ratio of Oy to O. for the BSO

based screen printed films.

Ceria displays a cubic fluorite structure, because of its fluorite structure it has
attained a large oxygen storage capacity (Hamedani et al. 2012). Due to the storage
efficiency of ceria, CLBSO film might have shown a low oxygen vacancy concentration
in this study. Barium ruthenate phases are considered as good stable materials and the
partial reduction of these phases (BaRuOs.x) is an unfavourable reaction. Even though
partially reduced barium ruthenate phase occurs during annealing, it has the capability
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to undergo reoxidation with atmospheric Oz smoothly (Kamata et al. 2018). So, the
chances of oxygen vacancies formation are comparatively less in RLBSO film,

therefore a reduction in oxygen vacancy formation is observed.

The UV-Vis absorption spectra of all the BSO based screen printed films are
depicted in fig. 5.34 (a). It is observed that the absorption edge of the LBSO film and
its sensitized films exhibited a slight blue shift compared to the pristine BSO film,
revealing an increment in the optical energy bandgap. The indirect band gap transition
of all the screen-printed films was estimated by employing the Tauc’s plot of Kubelka-
Munk function. The relation of Kubelka-Munk function is shown in the following

equation 5.21.

a __ (1-R)?

FR) = 2= & (5.21)

Where F(R) is the Kubelka-Munk function, a is the absorption coefficient, S is the
scattering coefficient and R is the diffused reflectance of the film (Antunez et al. 2014;
Patel et al. 2016). The Tauc’s plot of Kubelka-Munk function revealed an indirect band
gap transition of 2.73 eV for the pristine BSO film. The estimated band gap value is in
accordance with the band gap value of barium stannate mentioned in the previous
reports (Deepa et al. 2011; Slassi 2015; Zidi et al. 2010). The indirect band gap
transition has further increased to 2.8 eV in LBSO film. A similar trend is observed in
the literature, where the optical energy bandgap has increased with La doping in
BaSnOs (Huang et al. 2016; James et al. 2015; Tiwari and Wong 2020). Increment in
the value of bandgap transition can be the result of the substitution of La®* over Ba®*
sites in the BSO perovskite structure. Also, the increment can be attributed to the
defects augmentation, which results in the enhancement of localized energy levels. It is
also observed that the indirect bandgap transition of LBSO film has increased to 3.08
eV and 3.04 eV after sensitization with ceria and ruthenate, respectively. The reason
behind the increment could be the presence of ceria/ruthenate, which inhibits or
suppresses the grain growth of LBSO and causes to the formation of smaller grains of
LBSO. Due to the higher content, the ceria/ruthenate nucleates as secondary phase and
transfers to the surface of the LBSO. Thus, the content of ceria and ruthenate in CLBSO
and RLBSO leads to the blue shift of the LBSO bandgap (Bayal and Jeevanandam,
2014). In support of this statement, XRD reveals the crystal growth of the LBSO
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(crystallite size 29 nm) is completely inhibited after the ceria/ruthenate sensitization of
LBSO (29 nm).

0.84(a) 12 2 ®)
—BSO %"
~0<|—LBSO 3% h
2069 — CLBSO S
g 0 % = 9
g RLBSO éoA- % 3.0 ¢
§ O kb Linear fit o g_
5 <
z £ 2.8 2D
< /A o
2.6
T T T T 24 T T v T T
400 500 600 700 BSO LBSO CLBSO RLBSO

Wavelength (nm) Screen printed film

Fig. 5.34 (a) Absorbance spectra of BSO based screen printed films, inset shows the
respective Tauc’s plots of Kubelka-Munk function corresponding indirect bandgap
transition and (b) estimated bandgap transition values of all BSO based screen printed
films.

The gas-sensing performance of all the BSO based screen-printed sensors towards
analyte gases (NHz and HCHO) at room temperature are shown in fig. 5.35 (a) and (b),
respectively. It is observed that with the increase in analyte gas concentration, the gas
response of all the BSO based screen-printed sensors has increased substantially.
Importantly, it is noticed that the LBSO sensor exhibited superior gas response
compared to the other sensors upon exposure various different concentration (5-50
ppm) of analyte gases. The gas response of the BSO, LBSO, CLBSO and RLBSO
sensors towards 50 ppm of NHjs gas is found to be 35, 65, 14 and 3 respectively.
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Fig. 5.35 The Gas response of BSO based sensors towards different concentrations of
(a) ammonia and (b) formaldehyde gases at room temperature.
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It is noticed that the gas sensitivity of the LBSO sensor enhanced by ~ 3 times compared
to the pristine BSO sensor against the various concentrations of HCHO gas (fig. 5.35
(b)). Further, the gas response value of LBSO screen-printed sensor towards HCHO gas
decreased drastically to the 1/6'" after ceria sensitization, whereas ruthenate sensitized
LBSO exhibited the sensing capability with negligible value.

Fig. 5.36 (a) depicts the dynamic response and recovery behaviour of all BSO
based screen-printed sensors when exposed to the various concentrations of NHz gas at
room temperature. It is observed that BSO, LBSO and CLBSO sensors are capable of
detecting wide range of NH3 concentrations (5 to 50 ppm) distinctly, whereas RLBSO

sensor lacked the capability to detect the NHz gas with concentration less than 20 ppm.
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Fig. 5.36 (a) Transient resistance measurement of BSO based sensors towards different
concentrations of ammonia gas, (b) response and (c) recovery time of BSO based

sensors as a function of ammonia gas concentration.

Response and recovery time of all BSO based sensors towards various
concentrations of NHs gas are evaluated through their respective transient sensing
curves, shown in fig. 5.36 (b) and (c), respectively. The response time range is found
to be 33-121 s, 50-97 s, 17-75 s and 52-125 s for BSO, LBSO, CLBSO and RLBSO
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sensors, respectively. It is observed that LBSO and CLBSO sensors exhibited an
expeditious response towards the different concentrations of NHz gas compared to other
sensors. CLBSO sensor has recovered its original resistance quickly (6-60 s) upon
unloading of NH3 gas than BSO (16-110 s), LBSO (27-122 s) and RLBSO (52-73 s)
sensors (fig. 5.36 (c)). The reason behind the faster recovery in CLBSO sensor
compared to other sensors could be the presence of fluorite structured ceria, which can
store a large number of oxygen atoms in crystal planes, allows rapid diffusion of oxygen
vacancies and facilitates rapid oxidization of NHz gas (Hamedani et al. 2012).

The response and recovery time of all BSO sensors upon exposure to 25 ppm
of HCHO gas at room temperature is depicted in fig. 5.37. The response time of BSO,
LBSO, CLBSO and RLBSO sensors are found to be 57, 62, 69, and 80 s respectively.
It is observed that LBSO sensor exhibited faster response with high sensitivity value (S
= 15) compared to other sensors. Whereas, the original resistance is recovered in 190,
204, 168 and 70 s for the BSO, LBSO, CLBSO and RLBSO sensors respectively after
the desorption of formaldehyde gas.
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Fig. 5.37 Transient response of (a) BSO, (b) LBSO, (c) CLBSO and (d) RLBSO sensors

respectively towards 25 ppm of formaldehyde gas at room temperature.
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Response and recovery time of all BSO based sensors towards various concentration of
HCHO gas are determined and tabulated in Table 5.7. It is observed that RLBSO sensor
showed a faster recovery rate compared to other BSO based sensors. The reason could
be the less porous morphology may not allow the more atmospheric oxygen molecules

to diffuse underneath the film to extract electrons to form chemisorbed oxygen species.

Table 5.7 Response and Recovery time of BSO based screen printed sensors towards
formaldehyde gas of different concentration at room temperature.

Response Time (s) Recovery Time (s)

BSO LBSO CLBSO RLBSO BSO LBSO CLBSO RLBSO

5ppm 43 50 8 - 86 38 62 -
10ppm 52 55 63 - 116 50 156 -
15ppm 54 63 48 - 136 176 127 -
25ppm 57 62 69 80 190 204 168 70
50 ppm 73 77 77 166 218 352 276 137

As the gas selectivity is the main criterion for the usage of gas sensors in
practical applications, the selectivity of the highly responded LBSO sensor was studied
against the 50 ppm of ammonia, formaldehyde, methanol, ethanol, toluene and xylene
gases, respectively, at room temperature (fig. 5.38 (a)). LBSO sensor exhibited a high
selectivity against the ammonia gas followed by formaldehyde than the other
interference gases. Notably, the LBSO sensor exhibited no response towards methanol,
toluene and xylene gases. The probabilistic speculations behind the high gas selectivity
of LBSO could be primarily due to the presence of a single pair of electrons in the
ammonia gas. In addition to this, the kinetic diameter of the analyte gas molecules also
influences the gas selectivity characteristic. Ammonia gas molecules with a lesser
kinetic diameter (0.36 nm) might diffuse through the sensing layer and come in contact
with chemisorbed oxygen species quickly than the other analyte gas molecules and this
might resulted into an expeditious response (Navaneethan et al. 2017). The long-term
stability of the gas sensing properties of LBSO sensors is tested after 240 days for the
50 ppm of NHz and HCHO, and shown in (fig. 5.38 (b)). It is observed that the LBSO
sensor exhibited good stability as the variation in the gas response under the exposure
of NHz and HCHO is less than 3 % and 10 % respectively.
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Fig. 5. 38 (a) Gas Selectivity of LBSO sensor towards 50 ppm concentration of different
gases at room temperature, (b) Stability of LBSO sensor towards 50 ppm of ammonia
and formaldehyde gases after 240 days, (¢) and (d) normalized response of LBSO
sensor as a function of the concentration of ammonia and formaldehyde gases at room

temperature, respectively.

Fig. 5.38 (c) and (d) shows the plot of response value of the LBSO sensor against the
concentration of NHz and HCHO gases respectively. The values are fitted linearly with
an equation y = 1.47x — 1.6790 (R?=0.908) and y = 0.571x — 1.112 (R?=0.995) for
the ammonia and formaldehyde gases respectively. The limit of detection of the LBSO
sensor towards the NHz and HCHO gases is estimated using the above-mentioned
equations and found to be ~ 1 ppm and ~ 2 ppm respectively.

The mechanism of gas sensing of semiconducting metal oxides (SMO) is based
on the variation of its electrical resistance upon loading and unloading of the analyte
gases. Under ambient conditions, numerous oxygen molecules get adsorbed on the

nanostructured BSO (n-type) semiconductor surface. These physiosorbed oxygen
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molecules disassociate and each oxygen atom extracts the free electron from the
conduction band of the oxide to complete the bond and resulted into the formation of
chemisorbed oxygen species (O~ and 0%7) as shown in equation 5.22 (Bhattacharya et
al. 2019).

Oz(atmosphere) +2e” > 20(Zs;rface) (5-22)

When the electrons involve in the chemisorption process, the electron density
in the material decreases, hence the electrical resistance increases. The physiosorbed
dissociated oxygen atoms can extract the electrons up to a certain depth (Debye length)
from the surface, and the region within the Debye-length is called electron depletion
layer (Miller et al. 2014). when the analyte gas (NHz or HCHO) is introduced, it reacts
with chemisorbed oxygen species distributed over nanostructured BSO surface and gets
oxidised. Simultaneously electrons return to the conduction band of the SMOs, thereby
the electron depletion layer decreases resulting in the decrement of the electrical
resistance. The possible reactions take place upon loading of NHs or HCHO gases are
represented as equations (5.23) and (5.24) respectively (Bhattacharya et al. 2019; Wagh
et al. 2006);

NH;z + 30(surface) = 3H20 + Ny + 3€2ona pana (5.23)

HCHO + o(zs;rface) - CO, + Hy0 + 22,4 pana (5.24)

Table 5.8 Crystalline size, optical band gap, estimation of oxygen vacancies and gas
responses of screen printed BSO, LBSO, CLBSO and RLBSO sensors.

Screen  Crystalite | OPY - Ratig of G2 response (50 ppm)
films size (nm) (&V) Ov/OL NH3 HCHO
BSO 34 2.94 1.7 35 9
LBSO 29 3.08 2.6 65 29

CLBSO 28 3.18 1.1 14 5

RLBSO 28 3.22 15 3 0.4

The notable results obtained from the BSO based screen-printed sensors using various
characterisation techniques are summarised and tabulated in Table. 5.8. LBSO screen-
printed sensor exhibited the higher sensitivity compared to the pristine BSO sensor and

the probabilistic reasons behind this could be as follows: (i) Dopant La act as an
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impurity which inhibited the grain growth in BSO resulting into the smaller grains
(Table. 5.8). The relatively smaller grains in the LBSO sensor facilitate the larger
Debye-length, which encourages the extraction of more electrons from the oxide
material and primes to the development of more active sites for the reaction between
the analyte gas and oxide surface, ensuing in high gas sensitivity (Shan et al. 2013). (ii)
The high specific area due to needle-like morphology encourages the formation of
higher concentration of chemisorbed oxygen species (03) (Zhao et al. 2015). (iii) Most
importantly, doping of La in BSO causes lattice deformation and increase in oxygen
vacancies because of the variation in the ionic radius and valency of La®*" (1.36 A) and
Ba®* (1.61 A). It is noticed that LBSO possessed high oxygen vacancy concentration
compared to all other sensors (Table.5.8). The high oxygen vacancy concentration
encourages the participation of electrons in large numbers in the chemisorption process.
It leads to the formation of the more actives sites over the surface (Zeng et al. 2020).
Simultaneously, LBSO depletes with electrons in large amount, causes the formation
of thicker depletion layer than the pristine BSO during the chemisorption process as
shown in fig. 5.39 (a). Afterwards, the involvement of high concentration chemisorbed
oxygen species in the oxidation of analyte gas leads to the release of more electrons
back to the conduction band of the LBSO sensor. Thereby, the depletion layer of LBSO
shrunken to a larger extent than BSO and resulted into larger resistance modulation.
The presence of CeO» phase over the semiconducting metal oxide surface can have both
positive and negative effects on the gas sensing properties. In this case, the
superabundant CeO> phase in CLBSO sensor might have acted as an insulator and
reduced the active adsorption sites. In addition to this, less oxygen vacancy
concentration in CLBSO sensor retard the formation of chemisorbed oxygen species in
a large number (as shown in fig. 5.39 (b)), thereby oxidation of analyte gases will be
reduced and resulted into the inferior gas sensing properties (Hamedani et al. 2012). In
the case of RLBSO, when the amount of ruthenate oxide dispersed over the surface
becomes more than the optimum, it results in the dense distribution of Ru atoms. The
densely distributed Ru atoms over the sensor surface inhibit the formation of
chemisorbed oxygen species in larger extent (fig. 5.39 (c)). So, the less number of
electrons participated in the chemisorption process, thereby smaller resistance

modulation is observed under air. When the analyte gases are exposed, lesser
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chemisorbed oxygen species react with analyte gases and fewer electrons are released
back to the conduction band of the RLBSO sensor. Hence, overall resistance
modulation upon the exposure of analyte gas becomes smaller, which leads to the
inferior gas sensitivity (Wagh et al. 2006). It is observed that the gas response of the
LBSO sensor towards both the analyte gases has been decreased after ceria and
ruthenate sensitization. It can be concluded that the ceria and ruthenate phases emerge

as an inhibitor to the gas response of LBSO sensor.

In air In ammonia

@ Chemisorbed
oxygen

@ Ammonia

@ Water

@@ Nitrogen

[ Electron
depletion
layer

(b)

@» Cerium oxide

¢ Barium
Ruthenate

Fig. 5.39 Schematic illustration of ammonia gas sensing mechanism for the (a) pristine
BSO, (b) LBSO, (c) CLBSO and (d) RLBSO sensors.

These inhibitors can be utilised to reduce the sensitivity of over-reactive catalytic
combustible gas sensors (pellistors) which are used in the fire extinguishers and used

in the multi-toxic gas detecting instruments to avoid the cross-sensitivity of the sensors.
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5.4 Conclusions

Crystalline silver films were developed at a low curing temperature of 200 °C in
20 min. on glass substrates exhibited electrical conductivities 2.6 x 10°, 4.0 x 10° and
8.2 x 10° S.m* using Ink-1, Ink-2, and Ink-3, respectively. Whereas on a flexible
polyamide substrate, a conductivity of 2.6 x 10° Sm™ was achieved using Ink-2. High
resolution printed films with a minimum thickness of ~ 3 um and roughness of 43.1 nm
were obtained using Ink-2. Hence, minimal thickness (3 pm) with high dimensional
accuracy was achieved in high conductive films and used as electrode for TFTs. The
BGTC TFTs with amorphous IZTO- and sodium B-alumina as the active layer and gate
dielectrics, were fabricated on the screen-printed silver gate, exhibited psat, lon/loff, and
Vin of 0.88 cm? V1s™ 102 and ~ 0.3 V, respectively.

Adhered phase pure screen printed ZnO films is fabricated using particle-free
ZnO screen printing inks and followed by annealing at 400 and 500 °C. Screen printed
ZnO sensors processed at 500 °C showed significantly high NH3 response ~ 336 and
moderate HCHO response ~ 16.4 towards the 5 ppm and 10 ppm of the respective gases
under ambient conditions. Sensor-based on the screen-printed ZnO processed at 500 °C
showed superior ammonia gas selectivity against various gases and LOD values were
found to be 0.58 and 2.93 ppm for NH3z and HCHO.

Particle-based screen printed ZnO films with a thickness of ~15 pm, with high
porosity were fabricated. Adhesion of printed ZnO films is designated as 4B (ASTM
D3359). ZnO films obtained from glycine fuel system exhibited a high response to UV
irradiation of exposure time ~ 90s. ZnO sensor were exposed to 100 ppm of NHs,
C2Hs0H, Cl2 and 50 ppm of H2S; glycine fuel system exhibited good gas sensitivity of
~ 8, 5, 3 and 10 at operating temperature of 50 °C, 100 °C, 200 °C and 100 °C,
respectively with quicker response and recovery speed. But, ZnO films from citric acid

fuel system showed high sensitivity ~ 6 with a 100 ppm of LPG gas at 350 °C.

Sr-doped ZnO sensor exhibited the highest response 70 towards the 50 ppm of
NHz gas compared to the pristine and RuOz-activated Sr-doped ZnO sensors. NHz gas
response of RuO;- activated Sr-doped ZnO heterostructure sensor was decreased from
70 to ~ 2 when compared to Sr-doped ZnO, because of the larger crystallite size (40

nm), lesser concentration of oxygen vacancies, and chemisorbed oxygen.
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Favourable parameters such as smaller crystallites, needle-like morphology and high
concentration of oxygen vacancies contribute the LBSO sensor to exhibit a high gas
response of ~ 65 and ~ 29 towards 50 ppm of ammonia and formaldehyde, respectively,
at room temperature. Limit of detection of LBSO sensors was estimated to be ~ 1 and

~ 2 ppm against NHz and HCHO respectively.
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CHAPTER 6

CONCLUSIONS

= Ag and Ag-Cu alloy NPs capped with PVP were synthesized by two-step
reduction polyol method with an average size of 33 + 19 and 48 + 15 nm,

respectively.

= The electrical conductivity of the solution combustion derived CVO films
annealed at 140 °C was found to be ~ 3 S.cm™.

= Phase pure, non-stoichiometric, highly reactive, nanocrystalline pristine and Sr-
doped ZnO with wurtzite structure was synthesized by the SCS route with an

average particle size of 0.84 and 0.45 pum, respectively.

—> Formulated water-based reducible particle-free silver precursor screen-printable
inks possess thixotropic and shear thinning properties, which are decent for

screen printing with curing temperature ~ 176 °C.

—> Aqueous combustible particle-free ZnO screen printing inks made of zinc
nitrate, glycine, Na-CMC and water with curing temperature ~ 400 °C was
formulated.

—> The minimum curing temperature of the particle-based ZnO/Sr-doped ZnO

screen printing inks are found to be 400 °C.

—> Silver films were processed at 200 °C on glass substrates using formulated inks
exhibited electrical conductivities of the order 10*S.cm™.

—> High conductive films with a minimum thickness (~ 3 um) and high
dimensional accuracy are used as the bottom gate electrode for TFTs, which
exhibit an acceptable performance with static performance parameters, such as

usat, lon/lofr, and Vi of 0.88 cm? Vst 102, and ~ 0.3 V, respectively.
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—> Particle-free screen printed ZnO sensors processed at 500 °C showed a

significantly high gas response (S = 336) and selectivity towards 5 ppm of NH3

under ambient conditions.

—> Particle-based ZnO sensors obtained from the glycine fuel system depicted a

good sensitivity to UV irradiation and gases like NH3, C.HsOH, and Cl than

the ZnO sensors obtained from the urea and citric acid fuel system.

= Sr-doped ZnO sensor exhibited superior room temperature gas sensing

properties towards NHs gas compared to the pristine and RuOz-activated Sr-

doped ZnO sensors.

—> La-doped BaSnOs sensor exhibited superior gas response upon exposure of both

the NH3z and HCHO gases than the BaSnO3z and sensitized La-doped BaSnOs

SENsOors.

Scope for the future work

The result and analysis of the present study demonstrated the formulation and screen

printing of metal and metal oxides and their applications. The present study offers a

scope for further work are:

1.

Fabrication of screen-printed conductive alloys electrodes such as Ag-Cu in
place of Ag to reduce the cost.

A theoretical model can be established to investigate the effect of screen-
printing parameters on the thickness and roughness of the films.
Demonstration of NH3 prototype sensor using particle-free screen printed ZnO
as an active layer, for perceiving the state/progression of end-stage renal and
chronic kidney diseases.

Screen printing of doped and co-doped indium oxides for gas sensing

applications using particle free approach.
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Appendix 11

Table -11 Spreadsheet of cohen’s analysis for the calculation of precise lattice parameter ‘a’ and ‘c’ of particle-free screen printed ZnO films
annealed at 400 °C.

20 0 h k | o vy 6 o? ay ad V2 vé 62 o(sin@) v(SinB) 5(Sin®)
31996 15998 1 0 O 1 O 0.280 1 0 0.2807 0 0 0.078 0.075 0 0.0213
34654 17327 0 O 2 0 4 0.323 0 0 0 16 1.293 0.104 0 0.354 0.028
36457 18228 1 O 1 1 1 0.353 1 1 0.353 1 0.353 0.124 0.097 0.097 0.034
47,793 2389% 1 0 2 1 4 0.548 1 4 0.5486 16 2.194 0.300 0.16 0.656 0.089
56.789 28394 1 1 0O 3 0 0.699 9 0 2.097 0 0 0.488 0.678 0 0.158
63.051 31525 1 O 3 1 9 0794 1 9 0.7946 81 7.151 0.631 0.273 2.460 0.217
68.175 34087 1 1 2 3 4 0.861 9 12 2.5853 16 3.447 0.742 0.942 1.256 0.270

fa?=22 Iay=26 ab=6.659 Iy?=130 Iy6=14.439 386%=2.471 Ia(sinB)=2.231 3Iysin0=4.825 18sin6=0.82

@ = (h? — k? — hk)
y =12, 6§ =Sin?20

22A+ 26B +6.659C = 2.231

26A + 130B + 14.439C = 4.825
6.6594 + 14.439B + 2.471C = 0.82
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Appendix Il

Figure 111 (a) Williamson—Hall and (b) Halder -Wagner analysis plots of screen-printed
ZnO films annealed at different temperatures.

B Cosb

0.028 — () 4 400°C 0.0028 - (b) & 4o0°C
1 + S00°C ] & 500°C
0.024 Linear Fit 0.0024 Linear Fit
1 © Y=369E-3X+0.006% | 4 v-9444E3X + 3.19E4
0.020 o 000204
| ¢ Y=229E-3X+0.00466 T 1 o y_5075E3X+ L4OF4
R S 0.0016 ®
0.016 — Z s |
1 0.0012 -
&
0.012+ 1 s
1== 0.0008 |
& - ]
0.008 - M
0.0004 |
L L T L T T | ! | ! 1 ! I
12 14 16 18 20 22 0.03 006 009 012 0I5
4Sind, B/(tansin6)

173




Table-1V Spreadsheet of cohen’s analysis for the calculation of precise lattice parameter ‘a’ and ‘c’ of particle-based screen-printed Sr-doped

Appendix IV

ZnO films.

20 0 h k | a vy ) a? ay ad v? 7o 82 a(sin@) v(Sin0) 3(Sin@)
31.796 15898 1 0 0 1 0 0277 1 0 0.277 0 0 0.077 0.075 0 0.020
34.467 17.233 O 0 2 0 4 0320 0 0 0 16 1.28 0.102 0 0.35 0.028
36.304 18.152 1 0 1 1 1 0.350 1 1 0.350 1 0.35 0.122 0.09706 0.097 0.034
47626 23.813 1 0 2 1 4 0545 1 4 0.545 16 2.18 0.297 0.163 0.652 0.088
56.698 28.349 1 1 0 3 0 0.698 9 0 2.095 0 0 0.487 0.672 0 0.156
62.989 31494 1 0 3 1 9 0.793 1 9 0.793 81 7.143 0.629 0.2729 2.4561 0.216
68.085 34.042 1 1 2 3 4 0.860 9 12 2.582 16 3.442 0.74 0.9399 1.2532 0.269
69.235 34.617 2 0 1 4 1 0874 16 4 3.497 1 0.874 0.764 1.2908 0.3227 0.282

@ = (h2 — k2 — hk)
y =12, 6§ =Sin?20

Y0?=38 Xay=36 X0d=10.142 Xy’=131 Xy5=15.274 X5°=3.223 Xo(sin0)=3.51 Xysin0=5.131

a

384+ 30B + 10.1423C = 3.51
30A +131B + 15.2745C = 5.131
10.1423A + 15.2745B + 3.223C = 1.096

= (3A)1/2

=3.214,

Cc =

20sin0=1.096
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Appendix V
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Figure V. The W—H analysis plots of pristine and RuO; activated Sr-doped ZnO screen
printed films assuming (a) Iso-strain model, (b) Anisotropic model, and (c) Energy
Density model.
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Appendix VI
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Figure VI. C 1s XPS spectra of (a) BSO, (b) LBSO, (¢) CLBSO and (d) RLBSO
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Appendix VI

Table-VII C 1s XPS Peak fit parameters of BSO, LBSO, CLBSO and RLBSO screen
printed films

Screen Deconvoluted Position Position FWHM  GL Area
printed peak constraints (eV) ratio  (cps.eV)
films
BSO C-H - 284.6 1.15 30 372.01
(peak 1)
C-O0 Peak | + 1.5eV 286.1 1.15 30 131.55
(peak 1)
C=0 Peak | +3.0eV 287.6 1.15 30 116.8
(peak 111)
0=C-O Peak | +4.0eV 288.6 1.15 30 71.12
(peak V)
COz* Peak | + 45eV 289.1 1.15 30 101.77
(peak V)
LBSO C-H - 284.6 1.35 30 296.86
(peak 1)
C-O Peak | + 1.5eV 286.1 1.35 30 94.85
(peak 1)
C=0 Peak | +3.0eV 287.6 1.35 30 38.59
(peak 111)
COz* Peak | + 45eV 289.1 1.35 30 132.65
(peak 1V)
CLBSO C-H - 284.6 1.45 30 250.26
(peak 1)
C-O Peak | + 1.5eV 286.1 1.45 30 86.73
(peak I1)
C=0 Peak | +3.0eV 287.6 1.45 30 25.38
(peak 111)
COz* Peak | + 4.5eV 289.1 1.45 30 99.02
(peak 1V)
RLBSO C-H - 284.6 1.5 50 506.02
(peak 1)
C-O Peak | + 1.5eV 286.1 15 50 94.85
(peak I1)
COs* Peak | + 4.5 eV 289.1 15 50 446.8
(peak I11)
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Appendix VIII

Table-VIII Binding energies, peak areas of the O 1s deconvoluted components and ratio

of concentration of Ov/OL.

Screen printed films ~ Peak name Peak position  Area (cps.eV)  Conc. ratio of

(eV) O./OL
O 530.1 604.7
BSO Ov 531.1 1081.9 L7
Oa 532.8 670.4
C=0 534.2 524.7
O 529.4 771.8
Ov 530.8 1995
LBSO Oa 5324 479.8 2.6
C=0 534.1 276.2
Shake-up 535.8 162.8
OL 530.0 828.4
Ov 531.0 915.0
CLBSO Oa 532.2 150.9 11
C=0 534.6 71.97
Shake-up 535.9 79.15
O 530.4 1665.5
RLBSO Ov 531.1 2655.5
Oa 532.6 430.4 -
C=0 534.1 98.2
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