








Figure 4. 46: SEM image of the printed pattern of 6 wt.% AgNWs-40.

Figure 4. 47: Image of the printed patterns of synthesized AgNWs and commercial AgNPs ink.

To see the sharpness of the printed line, Figure 4. 48 and Figure 4. 49 show the SEM images of

the line parts of the printed patterns of 6 wt.% of AgNWs-90 and AgNWs-40, respectively.

Figure 4. 48: SEM image of the line part in the printed pattern of 6 wt.% AgNWs-90 (scale bar:
Imm).

Figure 4. 49: SEM image of the line part in the printed pattern of 6 wt.% AgNWs-40 (scale bar:
Imm).

These SEM images illustrate that at low content of AgNWs compare to the commercially
available silver inks there is a good quality of printing with sharp line definition.

Figure 4. 50 shows the SEM images of the printed patterns of AgNWs-90 at several contents of
AgNWs from 3 to 7 wt.% at higher magnification. Similar images for AgNWs-40 at different

contents of AgNWs from 3 to 6 wt.% are shown in Figure 4. 51.
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Figure 4. 50: SEM images of the printed patterns of AgNWs-90 with different contents of
AgNWs at high magnification (scale bar: 5 um).

Figure 4. 51: SEM images of the printed patterns of AgNWs-40 with different contents of
AgNWs at high magnification (scale bar: 5 um).

4.9. Resistivity Measurements
Table 4. 13 and Table 4. 14 show the resistivity values of the conductive printed patterns at
several contents of AgNWs for AgNWs-90 and AgNWs-40, respectively. These results show

that how higher contents of AgNWs can decrease the resistivity. Moreover, AgNWs-40 with
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smaller diameter and higher aspect ratio show lower resistivity compared to the AgNWs-90 at
same wt.% content of AgNWs. More importantly, 6 wt.% of AgNWs inks show the resistivity as
low as 70, and 50 Q for AgNWs-90 and AgNWs-40, respectively. The resistivity values of the
conductive printed patterns of the 50 wt.% synthesized AgNWs and 50 wt.% commercial AgNPs
are also shown in Table 4. 15. These results show how the high aspect ratio (longer and thinner)
AgNWs application can decrease the resistivity compare to the silver flake and silver
nanoparticle inks.

Table 4. 13: Resistivity measurement for printed patterns at several contents of AgNWs-90.

AgN'Ws Content (Wt.%) Resistivity (£2)

4 175
5 165
6 70
7 36

Table 4. 14: Resistivity measurement for printed patterns at several contents of AgNWs-40.

AgNWs Content (Wt.%) Resistivity (2)

3 233
4 122
5 65
6 50

Table 4. 15: Resistivity measurement for printed patterns synthesized AgNWs and commercial

AgNPs ink.
Ink Resistivity
50 wt. % Synthesized AgNWs 93 Q
50 wt. % Commercial AgNPs 72 kQ
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

5.1. Conclusion

The focus of this work was synthesis and characterization of silver nanowires (AgNWs) and

formulation of inks adaptable for economical screen printing process for conductive patterns

with sharp line definition. The project was organized in to the following research tasks.

Synthesis and characterization of AgNWs by a polyol process.

Scale-up of the synthesis process.

Determination of the nucleation and growth process during synthesis.

Parametric study and sensitivity analysis of the synthesis process.

Optimization of synthesis with respect to nanowire yield.

Synthesis of AgNWs in a continuous laminar-flow reactor.

Formulation of AgNWs water-based inks adaptable for economical screen printing.
Investigation of the rheological behavior of the formulated inks.

Dimensional analysis and correlation of the time-dependent rheological behavior of the
inks under conditions similar to those of screen printing.

Screen printing and characterization of the printed patterns.

In this study, AgNWs were first synthesized on a small scale by a polyol process as described in

previous works. Most of those mentioned the difficulties and challenges in controlling polyol

synthesis of AgNWs in batch reactor, especially in large-scale synthesis, and those challenges

were confirmed in this work. Subsequently, the process was scaled up by a factor of twenty times
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by determining an optimum combination of reaction volume and string rate to provide uniform a
reaction environment. The AgNWs were successfully synthesized by the polyol process in both
small and large-scale batch reactors. The AgNWs were characterized by Scanning Electron
Microscopy (SEM) to investigate the morphology, diameter, and length of the synthesized
AgNWs. These geometric factors were assessed quantitatively through image analysis using

image J software.

It is essential to know the reaction mechanism in different steps of the reaction to produce
unidirectional crystal growth on the nanometer scale. A three-step reaction mechanism
consisting of reduction, nucleation, and growth steps was considered by extraction and

characterization of nanostructures during different steps of the synthesis.

Based on previous studies, implementation of an extensive parametric study and sensitivity
analysis over the polyol synthesis of AgNWs would be essential to determine the most important
factors controlling the process, and to have optimum control over the reaction conditions.
Parametric studies on the batch polyol synthesis in this study demonstrated that the most

important parameters in the process are reaction temperature and reagent concentrations.

There have not been yet any studies regarding optimization of polyol synthesis of AgNWs to
maximize yield. Since a full investigation of the effects of interactions between all of the
essential parameters based on Full Factorial Design (FFD) required a very large number of
experiments, Design of Experiments (DoE) procedures could be used to not only investigate the

simultaneous effect of the different parameters but to determine the optimize reaction condition
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to maximize yield as well. Implementation of DoE established the optimum reaction conditions
as T=157.6 °C, [AgNO;]=0.102 M, [PVP]=0.124 M, and [CuCl,]=5.16 mM at which the yield of
AgNWs is approximately 95%. Scanning Electron Microscopy (SEM) examination of wires

synthesized at the optimum condition confirmed the expected yield.

Based on the previous researches and studies, the polyol synthesis of AgNWs is time consuming
and there is a significant batch-to-batch variation. Although the AgNWs are commercially
available, they are expensive. Moreover, it is beneficial to synthesize high aspect ratio AgNWs
in a rapid way compare to the previous time consuming method such as Successive Multiple
Growth (SMG) mechanism. All of these illustrate the necessity to synthesis high aspect ratio of
AgNWs in simple, continuous, and inexpensive manner. The application of millifluidic reactors
in this study showed that AgNWs with high aspect ratio could be synthesized at lower

temperature continuously in a small reactor volume in comparison to batch synthesis.

Application of water as solvent to formulate silver based conductive inks allows the formulation
a water-based environmentally friendly conductive ink instead of application of different
inorganic and organic solvents. Moreover, utilizing high aspect ratio AgNWs to formulate ink
lowers the cost of ink through application of the smaller loading required of high aspect ratio
AgNWs compared to low aspect ratio AgNWs, AgNPs, or micron size silver particles. Finally,
the application of high aspect ratio of AgNWs can dramatically reduce the sintering temperature,
which provides the application of those inks on flexible substrates such as paper and plastic.

Water-based AgNWs ink suitable for screen printing; as reliable, fast, inexpensive, and
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environmentally friendly method; was formulated with AgNWs synthesized here and with

commercial AgNWs.

The printability of formulated water-based AgNWs inks strongly depends on their rheological
behavior. An extensive investigation of the rheological behavior of the ink would be beneficial to
control the screen printing process, which is required to create patterns with sharp line definition.
Several rheological tests including the Peak Hold (PH), Steady State Flow (SSF), Stress Sweep
(SS) and Frequency Sweep (FS) were used to investigate the rheological behavior of the
formulated inks. The rheological results showed shear thinning thixotropic behavior produced by
AgNWs rather than rheological agents. The PH test was utilized to simulate the screen printing
process and mimic different steps of the printing process including charging, through-printing

and recovery.

The understanding and investigation of the recovery mechanism after screen printing as the most
important interval of the screen printing that is responsible for the printed pattern specifications
is inevitable to control the printing process. This investigation should provide quantitative
parameters to explain the recovery mechanisms, which hasn’t been investigated in previous
studies comprehensively. In this study, the results from PH tests were fitted by the Stretched
Exponential model (SEmo) to introduce the characteristic time for the recovery process after
screen printing. The activation energy consideration and Peclet number calculation for the
recovery process proved that the recovery mechanism would occur through thermodynamic and
hydrodynamic interactions such as wire-wire forces, wire-fluid forces, and viscous forces rather

than Brownian motion. The activation enthalpy and entropy consideration for the recovery
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process showed that the shear thinning behavior of the inks arising from the oriented
arrangements of wires, which corresponds to a negative value of activation entropy would be
compensated by a decrease in activation enthalpy. The transition from high shear to low shear
during the recovery process is controlled by wire-wire interactions, which results in a negative
activation enthalpy (AH). The results show that viscosity recovery after screen printing is

controlled by the very high aspect ratio of AgNWs.

Even patterns and sharp line definition are the most important desired characteristics of the
printed circuits. In this study, Scanning Electron Microscopy (SEM) was used to characterize the
printed patterns and investigate the quality of printing. The formulated inks with several AgNWs
contents were printed on the polycarbonate substrates with a manual screen printer. SEM images
of the patterns show that printing with moderate quality is possible at AgNWs contents as low as
3 wt.%.

It is essential to assess how the low content of the high aspect ratio of AgNWs can boost the
conductivity of the printed patterns. The resistivity measurements of the printed patterns of the
formulated inks with silver nanowire content as low as 3 wt.% showed how the application of
high aspect ratio of AgNWs could provide high conductivity at low content of AgNWs, which is
difficult to achieve with AgNPs, micron meter size silver particles, or silver flake at the same
content. These results provide a route to formulate inexpensive silver based ink adaptable for

economical screen printing process.
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5.2. Recommendations for Future Work

The following recommendations are suggested to further study.

1.

Optimization of the morphology of the synthesized AgNWs in a millifluidic reactor
through the reaction condition modifications in flow rate and residence time.

Large-scale and programmable synthesis of AgNWs in millifluidic reactor by alternating
the reagent injection and tube washing through utilizing programmable large syringe
pumps.

Kinetic investigation of the Polyol process through quantification of the nucleation and
growth mechanisms of millifluidic polyol process, and size evolution of silver
nanostructures in millifluidic reactor to prove how the morphology and particle size can
be controlled better through millifluidic rector compare to the batch one.

Modeling of the rheological behavior of the AgNWs ink to predict and control
suspension diffusion, rheological properties and particle microstructure, develop the code
based on the simple interaction, and calibrate the results of the simulation with the
present experimental results in this study.

Coating and printing AgNW inks with different dimensions to measure dimension
dependent transmittance and sheet resistance, and using a percolation model to explain
the relation between AgNWs dimensions and sheet resistance.

Sintering of the printed patterns through heating, drying at room temperature. Decreasing
resistivity without sintering by solution treatment. Measuring film thickness, shrinkage,
specific sheet resistance, and electrical resistance as functions of sintering and treatment
conditions to evaluate the optimum sintering process.

Practical application of AgN'Ws conductive patterns for solar panel innovation.
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8. Investigation of the application of screen printed of AgNWs arrays on paper substrate
specially for Surface Enhance Raman Scattering (SERS) application to create a highly
sensitive, cheap, flexible, and efficient SERS substrate for biomolecule, pollutant, and

pesticide detection.
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NOMENCLATURE

Aspect ratio

Cross section area (m?)

Diameter (m)

Rotational diffusion coefficient (1/s)
Activation energy (J)

Shear modulus (Pa)

Storage modulus (Pa)

Loss or viscous modulus (Pa)
Distance between the plates (m)
Activation enthalpy (J)

Boltzmann constant (1.38x107% J/K)
Length (m)

Power law index

Number of wire per area

Critical density of wire or critical percolation concentration (#/m?)
Peclet number

Radius (m)

Universal gas constant (8.314 J/mol.K)
Electrical resistance (QQ)

Sheet resistance (€2/sq)

Activation entropy (J/K)

Time (s)

Temperature (K)

Thickness (m)

Width (m)

Velocity (m/s)

Velocity V in the direction of x (m/s)
Peak displacement
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Greek Letters

B Dimensionless constant
y  Shear rate (1/s)

0  Lossangle

A Change of quantity

€ Dimensionless constant

n  Viscosity (Pa.s)

No  Steady viscosity at high shear rate (Pa.s)
N. Steady viscosity at low shear rate (Pa.s)
n  Initial viscosity (Pa.s)

De <aaos3

1D
AFM
BBD
CMC
CNTs
DI
DoE
DSC
EDAX
EG

fcc
FESEM
FFD
FS
FTIR
GA
HRTEM
IPA
ITO
LEDs
LCDs

Recovered viscosity (Pa.s)
Electrical resistivity (QQm)
Characteristic time (s)

Shear stress (Pa)

Number density of wires (#/m”)
Angular frequency (rad/s)
Rotational speed (rad/s)

ABREVIATION

One-Dimensional

Atomic Force Microscopy

Box-Behnken Design

Carboxymethyl Cellulose

Carbon Nanotubes

Deionized

Design of Experiment

Differential Scanning Calorimetry
X-Ray Energy Dispersive Analysis
Ethylene Glycol

face-center-cubic

Field Emission Scanning Electron Microscopy
Full Factorial Design

Frequency Sweep

Fourier Transform Infrared Spectroscopy
Glycol Aldehyde

High Resolution Transmission Electron Microscopy
Isopropyl Alcohol

Indium-Tin Oxide

Light Emitting Diodes

Liquid Crystal Displays
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LTCC
LVO
LVR
MFM
MTPs
OLEDs
PDMS
PEs
PH
PTEF
PTFs
PVP
RFID
RSD
SEmo
SEM
SERS
SMG
SS
SSF
SThM
STM
STP
TC
TEM
TGA
TG-DSC
TNT
XRD

Low Temperature Co-fired Ceramic
Low-Volatile Organic

Linear Visco-elastic Region
Magnetic Field Microscopy
Multiply Twinned Particles

Organic Light Emitting Diodes
Poly Dimethyl Siloxane

Printed Electronics

Peak Hold

Poly Tetra Fluoro Ethylene
Polymer Thick Films

Poly(Vinyl Pyrrolidone)

Radio Frequency Identification
Response Surface Design

Stretched Exponential Model
Scanning Electron Microscopy
Surface Enhanced Raman Scattering
Successive Multiple Growth

Stress Sweep

Steady State Flow

Scanning Thermal Microscopy
Scanning Tunneling Microscopy
Scanning Tunneling Probes
Transparent Conductor
Transmission Electron Microscopy
Thermo Gravimetric Analysis
Thermo Gravimetric-Differential Scanning Calorimetry
Titanate Nanotube

X-Ray Diffraction
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