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Abstract

Printing (additive manufacturing) of micrometer-to-nano scale patterns of metal and semi-
conductor particles, for the fabrication of electronic devices at room temperature, is re-
ceiving significant attention due to its potential as an inexpensive alternative to top-down
fabrication of silicon microelectronic devices. The electronic devices fabricated with printed
electronics have been successfully applied in the field of sensors, display technology, so-
lar cells, electronic circuits and memory-devices. However, an in-depth understanding of
physico-chemical interactions between the liquid ink droplets and the substrate would help

in the improvisation of the printed devices.

The prime focus of the thesis is to optimize micro-cantilever based printing (MCP) technol-
ogy by printing stable and reliable devices and a systematic investigation of the challenges
involved. As the first contribution of the thesis, the analysis of the interactions between lig-
uid dispersions of polyaniline emaraldine salt (PANI-ES) and silver nanoparticles (AgNP)
over various substrates such as silicon, glass, indium tin oxide (ITO), polyethylene tereph-
thalate (PET) and poly vinyl alcohol (PVA) surfaces has been performed. This analysis
has been carried out in terms of concentration of the dispersion, particle size, solvophilic
or solvophobic nature of the substrate, evaporation rate of solvents, ambient humidity and
post-processing. Substantially low ratios of printed dot feature size to suspended particle
size have been obtained, indicating that the MCP can provide a much finer print resolution
for flexible and printed electronic circuit components as compared to traditional inkjet,

screen or gravure printing.

The second contribution of thesis is the fabrication and electrical characterisation of printed
micro-resistors of AgNPs using three different printing techniques based on MCP technol-
ogy. These printing techniques are referred to as spot overwrite printing (SOP), dip-ink
printing with spot overwrite printing (DIPSOP) and surface patterning tool drag print-

ing (SDP). The minimum feature size of sub-1 ym and a print resolution of sub-2 pm is
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achieved using these techniques. The printed micro-resistors have been found to be nearly
7 times less costly as compared with existing surface mount device (SMD) chip resistors

used on printed circuit boards.

The third contribution of the thesis is the development of low-cost, simple and rapid process
for fabrication of printed Schottky diodes based on drop-casted ZnO multiple or single
nanowires (NWs) and micro-cantilever printed Ag contacts. The fabricated diodes have
been applied for detection of COy, CO and NO, at room temperature with sensitivity
ranging from 0.004 to 0.492 % /ppb and 0.146 to 14.9 % /ppm, for ZnO multiple NWs and
ZnO single NWs based Schottky diode-sensors respectively. The fabricated sensors based
on ZnO single nanowire show higher sensitivity as compared to gas sensors based on ZnO
multiple nanowires for CO. All the fabricated gas sensors based on Schottky diode have an

average response time of 30-60 seconds and an average recovery time of 1-5 minutes.

The fourth contribution of the thesis is the development of ZnO NW mat and ZnO single
nanowire Schottky barrier field-effect transistors (SBFETs) with the help of MCP technol-
ogy. The printed NW mat based FETs are applied as NOg sensor achieving an appreciable
sensitivity of 1.127 %/ppb which is nearly twice the sensitivity of ZnO NW mat based
Schottky diode based sensors for NOg. Moreover, an analytical current model for ZnO sin-
gle nanowire based field-effect transistor (FET) is developed. The analytical model is based
on charge carrier distribution in a ZnO nanowire channel which has been modelled based
on one-dimensional (1-D) density of states. Such simple mathematical models can help
to understand the underlying physics and electronic transport phenomena for nanoscale
devices which can help to improve the understanding of the gas sensing mechanism with

variety of analytes.
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1. Introduction

1.1 Introduction

It will not be out of place to mention that silicon has been probably the material of the 20" century.
Since the development of integrated circuit (IC) technology and metal-oxide-field effect transistors
(MOSFETS), the electronic components, devices and circuits have been the building blocks of the
daily use household items like computers, smartphones, micro-controllers and so on [1-5|. The silicon
microelectronic fabrication (SMF) technology has been able to shrink the dimensions of MOSFETs
as per the rate proposed by Moore’s law [6]. The scaling ability of SMF technology has kept it
growing every year. However, at present, the channel length of the MOSFETSs is scaled down to
sub-10 nm regime due to which the devices have to combat various types of short-channel effects |7]
and the standard equations governing the semiconductor physics need modifications [8-10]. These
issues have given a scope for considering various nanomaterials and nanostructures like metal-oxide
semiconductor nanowires, graphene, carbon nanotubes, conductive polymers etc. to replace silicon
as channel material specially in specific fields of application such as sensing, photovoltaics, display
technology and so on |1,11H13].

It is known that the SMF technology is most suitable for the development of ICs which requires
thousands of silicon-based transistors to be fabricated in a single batch process [14]. Now, consider
the fabrication challenges of non-silicon channel based discrete devices such as resistors, capacitors and
field-effect transistors (FETs). The fabrication of any electronic device is incomplete without metal
contact deposition. In most of the cases where the channel is a non-silicon material, the metal contact
pads are usually fabricated using SMF technology which uses sophisticated and costly equipment and
processes such as mask writing using photolithography, double-sided mask alignment, electron-beam
lithography to develop the masks and thermal evaporation, RF sputtering etc. to deposit a certain
thickness of metal layer [15-17]. As a result, the device fabrication process of non-silicon materials
which depends on SMF technology becomes costly even for those specific applications like sensing,
photovoltaics and so on, where only individual electronic components are primarily required. Moreover,
the proper placement and integration of channel material with the two metal contacts also requires
the usage of high-end processes like dielectrophoresis, site-selective molecular beam epitaxy (MBE),
metalorganic chemical vapour deposition (MOCVD), focussed-ion beam /scanning electron microscopy
(FIB/SEM). These processes are usually carried out at high temperatures and vacuum environment

which in turn increases the fabrication cost even further [18-21].
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1.2 Printed Electronics: Basics and Types

This has led to the need of research efforts for development of alternative technologies which
can fabricate the individual electronic components that can be employed to some specific applica-
tion. Among such alternate technolgies, printed electronics has emerged as a highly active research
area for the fabrication of low-cost, light-weight, large-area, flexible electronic devices on variety of
substrates such as silicon, plastic, glass, polyethylene terephthalate (PET), polyvinyl alcohol (PVA),
polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA), Indium tin oxide (ITO) coated
PET and so on [2,[22,23]. This technology is also related to wearable, flexible and paper electronics,

for the fabrication of electronic components for specific applications and rapid prototyping |1}2,24H26].

1.2 Printed Electronics: Basics and Types

Printed electronics holds the potential to be a key technology in the upcoming miniaturised elec-
tronic industry. Printing facilitates integration of diverse and mutually incompatible materials on the
same substrate, thus it is attractive for applications such as multi-component transistors and sen-
sors [27,128]. Moreover, this technique involves ‘bottom-up’ process which is much less wasteful than
the standard ‘top-down’ microfabrication techniques involving etching and lift-off [29-35].

Being a low-cost and additive in nature, printing technology has been applied for the develop-
ment of printed resistors, printed capacitor, printed FETs and printed memory-circuits [36-38|. Using
these basic electronic components, numerous types of printed sensors, solar cells and radio-frequency
identification (RFID) tags have been developed |1}|13}30,39-43]

The most common printing technologies are inkjet printing, gravure printing and screen printing.
Inkjet printing is popular due to its simplicity, and it involves usage of inks with low viscosity (1-20
cP) without the need for binders which can destroy the functionality of electronic features. However,
inkjet technology lacks in fine resolution, satellite-free precision and speed [37,44-46|. Gravure printing
is high speed and can produce patterns below 10 pm with low line edge roughness [24,/47|, but this
printing requires inks with high viscosity (40-60000 cP) [|48|]. Screen printing is a mature technique
but it also requires inks with high viscosity (greater than 10000 cP) for stable print [27,149,/50]. The
operational procedure for each of above-mentioned printing technique has been detailed in following

sub-sections.
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Fig. 1.1: Conceptual view of piezoelectric inkjet printing

1.2.1 Inkjet printing

The inkjet printing utilizes a nozzle to eject the droplets by generating a pressure wave in an
upstream chamber. The pressure wave is generated using several methods such as deformation of a
piezoelectric membrane, thermal bubble formation and so on. In general, piezoelectric actuation has
gained the peak attention in the field of printed electronics, owing to its compatibility with a wide
range of inks and not exposing the ink to thermal stresses during the printing process. A conceptual
view of inkjet printing is shown in Figure Here, a pressure wave is induced within the ink reservoir
by deflecting the piezo-constrictor by applying a voltage pulse to the constrictor, which causes it to
deflect. A pressure wave in the ink is introduced as the constrictor deflects into the chamber and then
backs out, which pushes the ink past the nozzle plate. The ink retracts when the constrictor pulls back
and the droplet gets pinched off, and is expelled from the inkjet head. The expelled droplet travels
downward, and hits the substrate. The voltage waveform is optimized to maximize the downward
velocity of the expelled droplet to ensure stable jetting. The inkjet head never comes in contact with

the substrate and this non-contact nature of inkjet printing reduces the risk of defects due to contacting

of dust particles, etc.
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Fig. 1.2: Schematic of the gravure printing process

1.2.2 Gravure printing

In gravure printing, a hard metal cylinder is engraved with wells which are filled with ink and
wiped using a doctor blade. The doctor blade removes any excess ink while keeping the wells fully
filled. With the rolling of cylinder, ink is transferred to the substrate. Once the ink-transfer process
is completed, the individual droplets of ink, dispensed from the gravure cells, spread on the substrate
and dry to form the final pattern. The overall schematic of the gravure printing process is shown in
Figure [1.2] Since the gravure printing is a contact printing, it shows excellent pattern fidelity and
relative placement precision of individual drops. Eventually, it has been found that dispensing of the
ink and its relative placement is purely a function of the quality of the cylinder engraving and also of

the ink/cylinder/ substrate process optimization based on rheological properties of the ink .
1.2.3 Screen printing

Screen printing is probably the most mature and old printing technology in which a viscous ink is
“pressed" through a patterned screen using a squeegee . In screen printing, a screen mask is used
which typically consisting of a woven mesh, and a patterned stencil attached to the mesh. Ink to be
printed is pressed on the screen mask by the squeegee and passes through the portions of the mesh that

are not covered by the stencil material. Ink passing through the stencil openings is transferred over
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Sllver ink Squeegee —>,
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Fig. 1.3: (a)Schematic diagram for the preparation of a silicon stencil using photolithography techniques (b)
Schematic diagrams illustrating the screen printing process using the silicon stencil and a silver ink

the substrate to print the desired patterns. The screen printing technology is cost-effective and fast,
however, the printed features lack fine resolution. Even if the stencils can be produced with fine line
openings narrower than 40 pm, the wire of the mesh blocks the extremely fine openings and thus clog
the ink to pass through the stencil, causing defects [2,3,/51]. Figure shows the schematic diagrams
for silicon stencil preparation and screen printing steps for silver ink.

It is observed that the above mentioned printing techniques either require inks with very high
viscosity, have poor print-resolution, have likelihood of defects and contamination from dust particles
on the substrate or have relatively slow printing speed. Despite of appreciable progress in the area of
printed electronics over the last decade, a tradeoff has been observed between the print-resolution and
throughput of the printing process as shown in Figure Further, the lack of understanding of
printing dynamics have resulted in poor pattern-shape control. Furthermore, most of these techniques
are suitable mainly for high-volume production as they require moulds, screens and engravings to be
made which involve high costs. An alternative for rapid prototyping of printed electronic circuitry
could be a cantilever based additive printing technique with high precision and super-fine resolution

which is introduced in the next section.
1.2.4 Other printing techniques

Apart from these three major printing techniques, there are other techniques also such as roll-to-

roll nanoimprint lithography (R2R NIL) in which an imprint roller wrapped with a flexible mold is
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Fig. 1.4: Survey of the resolution versus throughput tradeoffs for different printing processes \

used to print onto a flexible substrate on a supporting roller instead of a flat plate. This technique
has advantage of continuous process and higher throughput, however, it has challenges in process and
stability control . Electrodynamic jetting is another printing technology which is continuous as
well as drop-on-demand printing having advantages of generating patterns smaller than the nozzle
size because it performs the printing by pulling the ink rather than pushing the ink from the nozzle.
However, this printing technology suffers the issue of low throughput . Flexography is also another
printing technique which has a major advantage that it can print on almost any kind of substrate, but

faces poor ink control as it has an old inking system to control the ink-flow [54].

1.3 Micro-Cantilever Printing (MCP)

In this thesis work, micro-cantilever printing technology (MCP) is used to print electronic devices
using the Nano eNabler”™ Molecular Printing System (MPS) . MCP uses surface patterning tools
(SPTs) that are fashioned after the probes of atomic force microscopes. A typical SPT contains a
2 mm x 2 mm sample reservoir and a 200 pm long micro-cantilever print head with inbuilt micro-

channels as shown in Figure A few microlitre volume of the ink to be printed is loaded onto the
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Cantilever

Opening Gap Reservoir

Microchannels

Fig. 1.5: Image of a ‘60R’ SPT, where width of the micro-cantilever is 60um and tip of the cantilever is rounded

reservoir . The ink flows from the reservoir to the micro-cantilever tip through the micro-channel.
The sample molecules or particles are printed by precisely positioning the piezo-controlled cantilever
onto the substrate. This technology is similar to the inkjet printing technology, but its principal
advantage over inkjet is that it can allow printing of features much closer to the ink particle size due
to its low-volume loading technique, thereby offers feature-sizes in a much wider range of 0.5 to 1000
pm. It can also deliver more precise control on the print location with laser feedback. As MCP uses
drop-by-drop printing, it is a slow technique but it can be operated in a dip-pen line drawing mode for
increased speed and customised control of feature shape and size.

Moreover, MCP can be performed at room temperature and non-vacuum conditions, is maskless,
eco-friendly and can print diverse nature of inks (metallic, semi-conductive organic, inorganic, poly-
mers, polar and non-polar liquids, biological samples as proteins, nucleic acids and so on) directly at
the targeted location on the substrate with a print-resolution of sub-2 pm. Tabel describes the

advantages and disadvantages of different printing methods.
1.4 Motivation

Additive manufacturing (printing) of micron-scale patterns of metal and semiconductor particles is
receiving significant attention due to its potential as an inexpensive alternative to top-down fabrication
of silicon microelectronic devices. However, printing of such devices needs an in-depth understanding
of physico-chemical interactions between the liquid ink droplets and the substrate used for printing the

devices. The paucity of detailed experimental studies in this area warrants a systematic investigation
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Table 1.1: Table comparing advantages and disadvantages of different printing methods

Printing Advantages Disadvantages
Technology
- uses low-viscosity inks (1-20 cP) - lacks fine resolution
Inkict - non-contact printing - lacks satellite-free precision
J - inks are less prone to contamination | - drop placement has less accuracy
- no need of binders - low print-speed
- high- d . . . S
1BHSpee - requires very high viscosity inks (40-60000 cP)
Gravure - low-line edge roughness .
. 11 - prone to defect and contaminations
- feature size scaling is good
- most mature print technology - polymer binders with ink requires
Screen - cost-effective - high viscosity ink required (10000 cP)
- fast - poor resolution
- best feature-to-particle size ratio
- Sge:iscr??;}; ;;lkz required (10-18 cP) | set-up time is high
MCP . P . & . . - requires rigourous cleaning of SPTs
- highly suitable for rapid prototyping . ;
. - faces spillover of ink
- fine resolution of sub-2 pum
- minimum feature size in sub-1 pm

into the challenges involved in printing stable and reliable electronic devices.

Recognising MCP as a niche technique suitable for fabrication of customised micron and sub-micron
scale electronic devices, theoretical and practical aspects of the technique that would be necessary to
convert it into a reliable and reproducible technology have been explored in this work. Dispersions
(inks) of nano-sized particles of polyaniline emaraldine salt (PANI-ES) and silver were initially chosen
for this analysis, as these materials allow simple, versatile and relatively low-cost techniques for printing
electronic devices [45,56H60]. This technique can be used for rapid design and execution of micro-devices

for feasibility and proof-of-concept level testing.

1.5 Problem Definition

It is evident from the previous discussions that MCP technology offers a potential alternative not
only to the standard silicon fabrication technology but also to the inkjet printing technology in terms
of various parameters such as superfine resolution printing, flexibility of diverse nature of inks, wider
range of printed feature size, relatively fast speed and probably the best feature size to ink-particle size
ratio which dictates the quality of the printed structures. Therefore, to establish MCP as mainstream
printing technology, research efforts have been carried out to optimize and analysis various physical,

chemical and electrical parameters related to this printing technology and the expertise obtained from
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such analysis has been utilized to print and fabricate micro-resistors of silver nanopartilces (AgNP),
Schottky diodes using zinc oxide (ZnO) nanowires (NWs) mat and ZnO single NWs (SNW) with
printed AgNP contact pads, and printed ZnO SNW transistors for gas sensing applications. The main

objectives of the thesis can be listed as follows:

e Analysis and optimization of micro-cantilever printing of polyaniline and silver microstructures

for electronic applications

e Fabrication and electrical characterization of printed micro-resistors (PMRs) of AgNPs using

micro-cantilever printing technology

e Fabrication of back to back Schottky micro-diodes using MCP based AgNP film and ZnO Mutilple

Nanowires for gas sensing applications

e Fabrication of MCP based Ag Contacts for ZnO Single-Nanowire Based Schottky Diodes as CO9
and CO Sensors.

e Fabrication and analytical model development of MCP based ZnO Nanowire(s) based FETs for

NOy detection

These research objectives are summarised in the following Table
1.6 Thesis Outline

The thesis has been organized into seven chapters. The contents of each chapter can be briefly
outlined as follows.

Chapter 1 is a generalized introduction chapter which details the fundamentals aspects of micro-
cantilever printing technology and its comparison with other existing printing technologies along with
motivation and organisation of the thesis work.

Chapter 2 describes the in-depth analysis of superfine-resolution printing of polyaniline and silver
micro-structures for electronic applications. This chapter details the experimental procedures employed
for substrate selection, printing and characterization of the features. Furthermore, this chapter deals
with qualitative as well as quantitative study of various factors that determine the quality and stability
of the printed features.

Chapter 3 describes the printing of micro-resistors of silver nanoparticles using three different

printing techniques based on micro-cantilever based printing technology. The three techniques have
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Table 1.2: Summary of research objectives

Research Targeted Device/ . ..
Objective Structure Materials Substrates Applications
Glass (coverslip)
o ; T ) : 9 /Q;
OPtlI.IllZdtIOn of 1\.ICP technology, I\{ICI'O. spotA arrays AgNP ink, Si02/Si Development of
Printing of metallic and Micro-lines PANLES ink PET rintine br
conductive polymer ink Squared pads PVAQPET P § process
ITOQPET
Fabrication of printed .

. o ) Glass Low-cost alternatives
nucro-}esmtors (PMRS)’ Micro-Resistors CAM-AglP Si02/Si to SMD chip resistors
Electrical and material CM: AgNP PET PCB boards
characterization of PMRs on oares
;?;);liatfog é)th I;?k m(;liltg)l? ChM: ZnO NWM Low-cost gas sensors
Ele:trij;f andc rrolaﬁei,ial oo Schottky diodes ChM: ZnO NWB | SiOq/Si for CO9, CO and NOs

CM: AgNP operating at RT

characterization of diodes
Fabrication of ZnO SNW
based Schottky diodes,

Electrical and material Schottky diodes ChM: ZnO SNW

Low-cost gas sensors
SiO2/Si for CO2 and CO

characterization of diodes, CM: AgNP .

Analytical model development operating at RT

and device parameter extractions

Fabrication of ZnO NW(s) FET, ChM: ZnO SNW Low-cost gas sensors
Analytical model development FETs ChM: ZnO NWM | SiOq/Si for NO2 operating
of SNW-FET CM: AgNP at RT

NWM: Nanowire mat, NWB: Nanowire bridge, SMD: Surface-mount devices, PCB: Printed circuit boards,
ChM: Channel material, CM: Contact material, RT: Room temperature

been named as spot overwrite printing (SOP), dip-ink printing with spot overwrite printing (DIPSOP)
and surface patterning tool drag printing (SDP). The fabrication process has been carried out over
substrates like glass, silicon and polyethylene terephthalate (PET). A post-printing analysis has been
carried out based on electrical characterization of the PMRs which shows SOP as the most preferred,
DIPSOP as the most reliable and SDP as the fastest printing technique. The electrical characterization
of the printed micro-resistors shows that their average resistance varies from few € to k() based on
the print thickness. The printed resistors are single material electronic devices (SMED) as we have
used only AgNP ink for complete fabrication of the device in order to avoid any interfacial mismatch
and irregularities at the nano-scale. Moreover, the fabricated PMRs are smaller in size, have lower
fabrication cost and consume less power as compared to the standard surface mount device (SMD) chip
resistors and hence offer an effective alternative to be used as micro-chip resistors on printed circuit
boards (PCBs).

Chapter 4 describes the usage of micro-cantilever printed silver nanoparticles (AgNP) contact pads
for fabrication of ZnO nanowire (NW) Schottky diodes-based devices. The fabrication process is

divided in two phases. In first phase, a ZnO NW mat based sensor is developed by simple drop-casting
TH-2495 146102016
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techniques to first confirm the response of ZnO NWs to the pollutant gases. In the second phase, the
sensor is optimised with the help of micro-cantilever printing technique by reducing the channel gap
between the AgNP pads and forming a ZnO NW bridge having less density of NWs and a higher surface-
to-volume ratio. The physical and chemical characterization of materials have been performed using
various instruments like Field Emission Scanning Electron Microscope (FESEM), Energy-dispersive X-
ray spectroscopy (EDS), X-ray Diffraction (XRD) while electrical characterization has been performed
with the help of Keithley 4200A-SCS parametric analyzer [61]. These devices are further employed as
sensors for detecting CO2, CO and NOs in ppb range at room temperature. The goal is to develop a
low-cost and simple process for rapid sensing of air pollutants at room temperature. The gas sensing
experiments have been performed in a Controlled Environment Chamber (CEC) in which the gas-flow
is controlled using mass flow controllers (MFCs) (Make: Alicat Scientific) |62]. The fabricated sensors
show improved sensitivity towards all three gases as compared to earlier reported sensors.

Chapter 5 presents the fabrication of zinc oxide (ZnO) single-nanowire (SNW) based back-to-back
Schottky diodes using micro-cantilever printed AgNP contact pads. ZnO SNWs have been placed
on a SiO2/Si surface by drop-casting an optimised dispersion of ZnO nanowires in de-ionised (DI)
water. The micro-cantilever printing process has been used to overlap the surface of ZnO nanowire
with AgNPs pads. The electrical response of the printed diodes have been verified with an analytical
model based on thermionic emission theory. Printed-Schottky diodes have been fabricated with varying
channel lengths of ZnO SNW and among them, the typical ideality factor is ~ 2.4, the lowest Schottky
barrier height of 0.21 eV for positive voltage sweep and 0.17 eV for negative voltage sweep, the I, /It s
ratio in order of ~ 103-10%, the lowest series resistance of 30 k and the fastest turn-ON voltage of
50 mV have been obtained. These ZnO SNW based Schottky diodes have been used for detection of
air pollutants such as CO2 and CO. ZnO nanowire dispersion is further optimized by adding sodium
dodecyl sulfate (SDS) and acetic acid to form longer nanowires which ease the reproducibility and
scaling of the fabrication process. The sensors demonstrate a wide gas-sensing range of 500 ppb to 500
ppm and 10 ppb to 9 ppm for CO2 and CO respectively. A higher sensitivity of 4.01 % /ppm and 14.9
%/ppm is obtained for CO2 and CO respectively. The fabricated sensors show a low response time
mostly in a range of ~ 5-10 s and recovery time in a range of ~ 2-10 minutes. These sensors are stable
within a relative humidity range of (15-75) %

Chapter 6 briefs the fabrication of ZnO NWM and SNW based SBFETs with the help of MCP
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technology. The electrical characterization shows a n-type channel behaviour in both types of SBFETs.
The conclusion drawn from the output and transfer curves of the fabricated SBFETs have been con-
firmed with respective C-V characteristics. The fabricated NWM-SBFETs have been applied to sense
NOg at room temperature and it has been observed that ZnO NWM-SBFET based NOy sensors show
nearly two times higher sensitivity for sub-10 ppb gas concentration range as compared to ZnO NWM-
Schottky diode based sensors. Additionally, a surface potential based analytical drain current model
for a depletion mode, back gated zinc oxide (ZnO) SNW field-effect transistor with a rectangular cross-
section having channel length, width and thickness as 7 pm, 120 nm, 120 nm respectively. Nanowires
are one-dimensional (1-D) structures, hence 1-D charge carrier concentration has been computed with
the help of 1-D density of states (DOS) and Fermi -1/2 (F_, /5) integral in order to include quantum
confinement effects (QCEs) which are expected to effect the charge concentration and transport mech-
anism of the device with such nanoscale dimensions. Further, 1-D Poisson’s equation has been solved
to derive surface potential and surface depletion depth caused by adsorption of oxygen vacancies. The
oxide capacitance of the nanowire has been utilized to express the effective charge in the nanowire
channel. The drain current has been modelled with the help of surface potential and the effective
charge of the nanowire channel. The current transport mechanism has been investigated for both
depletion and accumulation cases with respect to the applied gate voltage. The model results have
been verified with the published experimental results. The model approach developed in this section
can be used for other methods and variants of current transport after proper modifications.

Chapter 7 presents a conclusive remarks for this work and a brief discussion on future scopes of

this work.
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2. Micro-Cantilever Printing of Polyaniline and Silver Microstructures: Analysis and
Optimization

2.1 Introduction

In this chapter, super-fine resolution printing of two different kinds of materials have been demon-
strated. Printing of PANI-ES is briefly explored for obtaining arrays of discrete conductive spots that
may be useful for flextronics applications. Printing of silver nanoparticle (AgNP) is explored more
thoroughly. Silver has a high conductivity over a wide range of temperatures, unlike organic conduc-
tors, and is therefore generally found to be suitable for hi-fidelity flexible printed devices despite its
relatively higher cost. Therefore, printing and testing of micron-scale features made from silver is the
chief focus of this work. Continuous line and 2-D patterns of silver were printed and fashioned into
micro-resistors. Such ‘monolithic’ resistors find widespread applications in construction of monolithic
ICs. Super-fine printing of silver can also be used towards chemoelectronic circuits with sensing abil-
ities [56]. A wide variety of substrates such as silicon wafer, glass slide, PET sheet, ITO and PVA
have been used in order to compare the compatibility between the ink and the substrates. A given
ink cannot be printed over every type of substrate with the same level of integrity [27] due to different
mutual adhesive interactions. Therefore, such comparison would be instructive for future development
of the printing technology. In this report, analysis of the printing has been detailed in terms of con-
centration of the materials dispersed in the ink, particle size, evaporation rate of solvent, solvophilic
or solvophobic nature of the substrate, effect of humidity variation along with the necessity of suitable
pre-treatment and cleaning of SPTs and substrates. These parameters are extremely crucial for ob-
taining reproducible fine-resolution print of an ink over a particular substrate. Using the insights from
this analysis, we have further demonstrated the printing of micrometer-scale printed patterns that can
be used as monolithic resistors. To the best of our knowledge, there are no reports for monolithic
printed resistors of silver using customised shapes at a low ratio of printed feature size to particle size

using microcantilever based technique. The flow chart of the printing process has been provided in

Figure

2.2 Materials and Methods

This section contains the experimental procedures employed for substrate selection, printing and

characterization of the features.
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[ Clean substrate and SPT properly with acid piranha and DI water ]

‘

/Drop cast ink on SPT reservoir and place the substrate and the SPT in the print chamber /

I

Set the required humidity level inside the print chamber using the built-in humidifier

I

Adjust the distance and focus on SPT micro-cantilever through MPS software
such that it just touches the substrate to print required features without spilling over the ink

Drop cast more ink or
shake the ink over
SPT reservoir

Desired
ink flow

Print the desired features

!

[Properly anneal the printed features and ]

clean the SPT for further experiments

Fig. 2.1: Printing process flow chart

2.2.1 Selection of particle size of the sample material

The size of the particle of the material to be printed is limited by the channel-width of the micro-
cantilever of the SPT. In case of 60R SPT used for these experiments, the channel-width is 10 pm.
Both PANI-ES and AgNP used in these experiments were sourced commercially. The smallest available
size in PANI-ES powder (Sigma Aldrich. Product No. 428329; particle size between 3-100 pum) was
used. Upon dispersion in the desired solvent, larger particles were allowed to settle gravitationally in
an eppendorf tube and the ink was drawn only from the upper portion of the tube. AgNP conductive
ink (Sigma Aldrich, Product No. 736481; average particle size < 50 nm, 30-35 wt.% dispersion of
nanoparticles in triethylene glycol monoethyl ether (TGME), with specific resistivity near 2 p2-cm)
has been optimised for printing by the manufacturer, and was used as received. Dimethyl Sulphoxide
(DMSO) was purchased from Merck India and used without further purification. Figure (a,b)

shows larger particle size of PANI-ES as compared to AgNP.
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X 50,000 15.0%xV SEI

Fig. 2.2: (a) FESEM image of PANI-ES sample (b) FESEM image of AgNP ink sample (¢) FESEM image of
unannealed AgNP film (d) FESEM image of annealed AgNP film. Scale bar = 1 um (a,b) and 100 nm (c,d)

2.2.2 Cleaning of SPTs and substrates

The SPTs and substrates were cleaned thoroughly before and after each set of experiments. The
SPT was immobilised onto a PDMS-coated surface before cleaning, in order to avoid its movement and
consequent damage to the micro-cantilever. During each cleaning step, 10 ul of acid piranha solution
(H2S0O4 mixed with H204 in 3:1 ratio) was placed carefully to cover the reservoir and the cantilever
channel. After twenty minutes, the acid was removed using a micropipette, and 10 pul of de-ionised (DI)
water was drop-casted onto the SPT. The water was replaced twice after 2 minutes soak. If necessary,
the entire cleaning sequence was repeated till the channel was seen to be free of previous deposits
under microscope. Finally, the SPT was dried under a gentle flow of dry nitrogen. Similar procedure
was used for cleaning substrates. Immediately prior to printing, the clean SPT and substrates were
exposed to UV-ozone treatment for 30 minutes. These procedures were found to be crucial for free

flow of the optimized ink onto the substrate.
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2.2.3 Preparation of PANI-ES ink suitable for printing

2.2.3.1 Solvent selection

Selection of suitable solvent is the first step for preparation of printing ink for a solid sample
material. Solubility of PANI-ES in polar and non-polar solvents is low, hence homogeneous mixture
of PANI-ES with solvent is denoted as dispersion [63]. Multiple solvents such as DI water, N-methyl-
2-pyrrolidone, ethanol and DMSO were tested for obtaining a printable dispersion from PANI-ES.
Based upon ease of dispersion, flow and vapour pressure, aqueous DMSO was selected to be the liquid
medium for PANI-ES ink. The optimization of the solvent composition is detailed in the Results and

Discussion section.
2.2.3.2 Concentration of the material within the inks

In ink-based printing systems, it is important to determine the optimal concentration of the dis-
persant material within the solvent matrix. In electronic devices, densely packed overlapping print
features are necessary for obtaining good electrical conductivity, and this requires high concentration
of the dispersant. However, for printing sub-micron scale features for ultra-miniaturised devices, the
print-head size should also be extremely small. This requires a lower concentration of the dispersant,
to avoid clogging the pore of the print-head. These conflicting requirements guide the minimum and
maximum possible weight /volume ratio of the solid material and liquid medium in the ink. Following
this guideline, optimal concentration of the ink was determined by systematically diluting the DMSO
based PANI-ES formulation with DI water so as to obtain an uninterrupted flow for continuous print-
ing. A custom-made silica substrate was used for the initial printing trials for obtaining the optimal
PANI-ES ink composition. The printed patterns were inspected under a microscope for structural

integrity, and the concentration that gave the smoothest features was noted.
2.2.4 Printing environment

The printing chamber is equipped with an ultrasonic humidifier and a PID controller module that
is capable of spraying fine mist particles into the chamber to achieve uniform humidity values in the
range of 40% - 90% RH. It was observed that the humidity in the chamber plays a crucial role in
achieving optimal ink flow for printing. This is expected, because the vapour pressure of the solvent
medium and the adhesion of the ink to the channels within the micro-cantilever are affected due to

humidity. Typically, humidity was varied from the ambient humidity of the room (40%) to 58% RH
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during the printing trials. The upper range of humidity was limited in order to avoid the printed

patterns from merging into each other.
2.2.5 Selection of substrate

A range of substrates commonly used for modern microelectronic device testing were explored for
their compatibility with the PANI-ES and AgNP inks. Initially, the rate of evaporation of the solvent
medium from the printed substrate was compared by drop-casting 1 ul of each ink over three types of
clean substrates - PET, silicon wafer and glass. Further, the PVAQPET was prepared by spin-coating
5% solution of PVA in DI water over the PET surface. The substrates were kept in ambient atmosphere
until completely dry, in order to determine the rate of solvent evaporation. Subsequently, contact angle
measurements between the ink and various substrates were performed using a goniometer (Model No.
HO-TAD-CAM-01B) by dropping 1 pl of each sample over glass, silicon, PET, ITO and PVA surface.
Humidity of the goniometer surface was also maintained at the same level where optimal printing could

be achieved using a given ink.
2.2.6 Post-processing

After printing, the AgNP features on glass substrates were annealed at 200°C, with a ramp rate

of 2°C per minute. The slow annealing assisted in binding the features to the glass as shown in
Figure [2.2(d).
2.2.7 Characterisation of printed features

The printed features were imaged photographically using an in-built 700X camera in the MPS.
Higher resolution images were obtained from a Field Emission Scanning Electron Microscope (FESEM)
from JEOL (Model: JSM-7610F). The thickness of the monolithic resistors was measured using a
Veeco DEKTAK 150 profilometer. Electrical resistance of the monolithic resistors was measured via
Keithley 4200A-SCS Parametric Analyzer [61] attached to DC Probe Stations of Lakeshore cryotronics
(Model: CPX) and EverBeing (Model: BD6). CPX probe station has a vacuum chamber equipped
with temperature controller (Model 336), where liquid nitrogen is used for cooling the sample stage
far below ambient conditions. The temperature was varied gradually in steps of 20 K from 200 K till
358 K at a vacuum level of ~ 4.4x 10~ Torr, for measurement of I-V response as a test of reliability
of the printed features. The sample was let to equilibrate for ten minutes at each temperature before

the measurement.
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Fig. 2.3: Contact angle measurement for water, PANI-ES and AgNP over different substrates

2.3 Results and Discussion

This section deals with qualitative as well as quantitative study of various factors that determine

the quality and stability of the printed features.
2.3.1 Concentration of PANI-ES ink suitable for printing

A commonly used composition of 5% w/v PANI-ES in dimethyl sulfoxide (DMSO) was used as
the starting composition for printing features on custom-made Si substrates. However, this ink could
not yield any patterns despite trials with different humidity levels. The reason for unsuitability of 5%
PANI-ES in DMSO was attributed to aggregation of the conducting polymer within the dispersion
that resulted in clogging of the 10 gm channel of the SPT. Upon subsequent dilution with DI water,
the 30% v/v aqueous mixture of the 5% DMSO-based ink was found to be suitable for printing with
MCP. This translates to a w/v concentration of 1.5% PANI-ES. At a lower concentration of 1%, the

printed spots do not retain their continuous structure.

2.3.2 Selection of substrate

2.3.2.1 Solvent evaporation rate from substrate

Under given ambient conditions of temperature and humidity, the evaporation rate of solvent from

the printed features on the substrate depends on dispersant-solvent interaction within the sample,
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Table 2.1: Parametric analysis for 1.5% PANI-ES:DMSO and AgNP ink over different substrates

Parameter 1.5% PANI-ES:DMSO AgNP ink
PET Silicon Glass PET Silicon Glass
Drop Spreading Second Fastest Fastest Slowest Fastest Second Fastest Slowest
Drop Wetting Area | Second Largest Largest Smallest Largest Second Largest | Smallest
Evaporation Rate Fast Fast Moderate | Moderate Slow Very Slow
Evaporation time 180 minutes 30 minutes 4 hours 2 days 2 days 10 days
Substrate Response Moderately Least Most, Least Moderately Most
Solvophilic Solvophilic | Solvophilic | Solvophilic Solvophilic Solvophilic

Table 2.2: Table for contact angle measurement results and solid-liquid adhesion energy, Wsr,

Sample Water PANI-ES:DMSO AgNP: TGME

Substrate Glass | Silicon PET 1TO PVA Glass | Silicon PET ITO PVA Glass | Silicon PET 1TO PVA
Left 6.129° | 25.877° | 33.265° | 13.943° | 16.736° | 44.185° | 6.934° | 36.563° | 7.696° | 8.455° | 19.163° | 18.314° | 13.943° | 14.783° | 6.934°

Contact Angle
Right 10.030° | 29.316° | 39.559° | 16.736° | 17.949° | 52.361° | 13.943° | 36.027° | 8.934° | 8.833° | 20.735° | 14.314° | 17.940° | 14.315° | 9.652°

Contact Angle
Average o k| . 2200 e o ® o o o o | 16 2140 o L qe 20
8.079° | 27.597° | 36.412° | 15.339° | 17.446° | 48.273° | 10.439° | 36.295° | 8.315° | 8.644° | 19.949° | 16.314° | 15.942° | 14.549° | 8.293

Contact Angle
(1317111) 0.0728 | 0.0728 | 0.0728 | 0.0728 | 0.0728 | 0.053 0.053 0.053 | 0.053 | 0.053 | 0.040 0.040 0.040 0.040 | 0.040
(13/5;;) 0.1449 | 0.1373 | 0.1314 | 0.1430 | 0.1423 | 0.0883 | 0.1051 | 0.0957 | 0.1054 | 0.1053 | 0.0776 | 0.0784 | 0.0785 | 0.0787 | 0.0796

boiling point of the solvent, concentration of the ink and interactions of the ink with the ambient air
and substrate. Due to the complex nature of these mutual interactions, it becomes hard to predict
which substrate would be suitable for printing with a given ink. Therefore, the two inks were initially
drop-casted on PET, silicon and glass, and kept in a dust-free chamber at ambient humidity of 50%
RH and temperature of 23°C to directly observe their solvent evaporation rates. It was found that
PANI-ES drops with aqueous DMSO solvent evaporate faster over all three substrates as compared
to AgNP drops with TGME solvent, in correlation with the respective boiling points of the solvents
(189°C and 256°C [64]). Complete solvent evaporation was the fastest over silicon and slowest over

glass. The results of this experiment are tabulated in Table [2.1]
2.3.2.2 Ink-substrate adhesion via contact angle measurement

To quantify the results of the drop evaporation experiment, contact angle measurements of the two
inks were performed on a wider range of substrates. Pure DI Water was used as a reference standard.
An essential requirement of printing is that the printed droplet should adhere to the substrate firmly,
without sliding away from the place where it was dropped by the printhead. This is facilitated if there
are adhesive interactions between the substrate and the ink, i.e.

when the substrate is solvophilic.

However, if the substrate is excessively solvophilic, the printed droplet spreads across the surface,
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jeopardizing the shape of the printed feature. If the substrate is highly solvophobic, the sample will
remain stuck to the SPT and would not deposit on the substrate. Therefore, the substrate should be
optimally balanced between solvophobic and solvophilic nature.

Contact angle measurements assist in gauging the adhesive response of the ink with a given sub-
strate as it is being dropped from the print-head. Figure [2.3]contains the images from these measure-
ments.

Thomas Young [65] expressed the contact angle of a liquid on a solid surface as

YLy cost = ysv — YsL (2.1)

where, yrv, vsyv and ~ygr represent the liquid-vapour, solid-vapour and solid-liquid interfacial
tensions respectively. 6 is the Young’s contact angle. Using Dupre’s equation, soild-liquid adhesion

energy (wetting parameter) Wgr, can be written as [66|

Wsr =vsv + v — ysL = Yrv (1 + cos6) (2.2)

Table shows adhesion energies for different cases calculated using contact angle values and vz
values from literature [67]. It is clear from the table that contact angle 6 is inversely proportional
to adhesion energy, Wgr. Therefore, lower the contact angle, higher will be the adhesion energy and
hence the liquid will wet the solid surface more.

Based on the results of the solvent evaporation and contact angle experiments, PET and PVAQPET
were chosen as the most suitable substrates for PANI-ES and glass was chosen to be the most suitable
substrate for AgNP ink. Additionally, ITO coated PET was also explored for printing AgNP lines in
one experiment, in order to test its suitability for flexible substrates. However, as seen further, the
printed Ag features need to be annealed at temperatures higher than 200°C. The PET substrates are

distorted at these temperatures, and therefore were not explored further.
2.3.3 Printing of PANI-ES micro-arrays on various substrates

Spots of 1.5% PANI-ES:DMSO with diameter ~ 20 ym at humidity of 47% were successfully printed
over PET sheet. Circular Spots of diameter ~ 3 um were printed on PVA surface with humidity of
55% as shown in Figure The super-fine resolution capability of the MCP technique is evident from

this result, as the feature size of 3 um is equal to the average size of PANI-ES particles in the DMSO
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based suspension. It is presumed that if smaller size particles are used as ink, the feature size can

reach submicron levels.
2.3.4 Printing of continuous lines of silver over various substrates

With a thoroughly cleaned 60R SPT and a glass cover slip as substrate, a set of parallel lines
of length ~ 580 pm and width ~ 65 um could be printed with the as-purchased ink at a humidity
level of 55-57% as shown in Figure The lines retain their structural integrity for long periods of
time. Further, super-fine resolution of the MCP printing technique in case of AgNP was established by
printing individual elongated spots with width of ~ 0.5 um (Figure and a pattern with smallest
linewidth of 17 pm as shown in Figure [2.7] Considering the average AgNP size of 50 nm, the feature
to particle size ratios are 10 and 340 in case of spots and linewidth respectively. To put these ratios
in context, a comparative analysis of different printing methods using nanoparticle inks is presented
in Table [7.I] The AgNP ink was also printed over ITO surface and lines with width ~ 30 pum were
printed at humidity ~ 54% as shown in Figure

2.3.5 Printing of monolithic resistors using AgNP conducting ink on glass sub-
strate

Figure shows the schematic of a model monolithic resistor. The advantage of a printed mono-
lithic resistor is its reduced contact resistance. Also, the interface mismatch between contact pad and
the channel is avoided in this device as the contact and channel region is fabricated with the same
material. Two square shaped contact pads of Ag NP ink with length and width ~ 200 pm were printed
in about 15-20 minutes at 57% humidity with 60R SPT. In order to maintain good connectivity within
the feature, partial overlap between successive print spots was ensured. After successful printing of
contact pads, a AgNP line (channel) of length ~ 100 pm and width ~ 40 pm was printed to connect
the two pads. In this way, a conducting line which can be treated as a resistor (named as R1) was
printed.

As-printed resistor R1 was kept in ambient conditions for over 100 days for stability observation.
During this time, the TGME solvent appeared to slowly evaporate from the substrate. Also, color
difference appeared between outer edges and middle portion of contact pads due to the ubiquitous
“coffee ring effect" [68]. This effect is detrimental to component stability. Further, measurement of I-V
response show that R1 has average resistance ~ 4.89 G{2.

Therefore, controlled annealing close to the boiling point of TGME is required to make the feature
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(b)

BIRIEIE

Fig. 2.5: (a) Optical image of parallel lines of AgNP ink over glass substrate (b) FESEM image of parallel
lines of AgNP ink over ITO surface

electrically conductive, stable and reliable. Heating such small features suddenly at high temperature
can expose them to high thermal stresses that can damage either the contact pads or the channel. The
printed resistors were therefore gently annealed to avoid thermal stress. This post-processing procedure
(refer sub-section F of section II) was followed on all further monolithic resistors printed using MCP.

It has been observed that a humidity level higher than 60% causes the ink from the reservoir to
flow too fast onto the substrate. We have named this phenomenon as spillover. The blot on the
substrate as a result of this spillover can itself be used as a reservoir of ink for further printing. The
micro-cantilever tip can be dipped into the reservoir and prints can be achieved in a modified dip-pen

printing technique, similar to dip-pen nanolithography (DPN) or polymer pen lithography (PPL) [69).
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X 33,000 10.0kV SEI

Fig. 2.6: (a) FESEM image of AgNP fine spots on glass. Scale bar = 10 um (b) FESEM image of one of fine
spots of AgNP with width ~ 457 nm. Scale bar = 100 nm

100pm JEOL 4/25/2018
10.0kV SEI SEM WD 13.6mm 11:50:44

Fig. 2.7: FESEM image of AgNP pattern with smallest linewidth ~ 17 pm on glass. Scale bar = 100 pym

However, disadvantage of such technique is the risk of drying the channel out between printing and
dipping processes. Besides, uncontrolled spillover poses risk to the features that have been already
printed on the substrate. Therefore, it can be concluded that 46-57% humidity range was suitable for

the AgNP ink to maintain a fine flow of the ink to the micro-cantilever tip without spillover.
2.3.6 I-V characterisation of the printed resistors

This section deals with the I-V characterisation for the printed resistors. Multiple sets of mono-
lithic resistors were printed and current-voltage characteristics of ten of these resistors were measured.
Representative I-V responses of three of the resistors (R2, R3 and R4) are shown in Figure where
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Ag NP contacts L Ag NP Channel
L =100 um, W=40 um -

200
W 1mm
(a)
2cm L~ 100 pm, W~ 40 pm
) 2cm ' Glass substrate
(a) (b)

Fig. 2.8: (a) Schematic of the AgNP printed resistors (Dimensions shown in the figure are for R1 as an instance)
(b) Top view of printed resistor R1

the current is normalized against cross-sectional areas of the channels and plotted as current density.
The linear behaviour of the graph confirms the resistive nature of the printed feature.

Further, stability and reliability of the printed features was tested over extreme temperatures.
Figure [2.10] shows the thickness normalised electrical performance of printed AgNP features from 200
K-358 K. It is observed that printed patterns are highly stable in this range and also show positive
temperature coefficient (PTC) behaviour as expected from a AgNP thin film.

A brief summary of relevant characteristics of the ten resistors mentioned above is shown in Ta-
ble 2.3] It can be seen that depending upon the length, width and thickness of the printed channel,

the resistance of the feature can be controlled from a few tens of Q2s to a few K(2s.
2.3.7 Effect of thickness of printed devices

Thickness of a printed resistor would determine its electrical resistance, and consequently the range
of current that flows through it. It is found that the MCP-printed resistors have thickness values near
100-350 nm and average resistance in order of few hundred €2, whereas layers created as a result of
spillover have thickness near 1-2 ym and average resistance less than 10 Q for an applied voltage range

of -0.5 V to 0.5 V at room temperature.

2.4 Mathematical model for current in printed resistors

The current model used to verify the experimental results for I-V of printed resistors has been

expressed as
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Fig. 2.10: Thickness normalized electrical performance of printed resistors over temperature
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where, [ and V are the current and applied voltage range, L and W are the length and width of the

4

printed resistor, ‘t’ is the thickness of the resistor, ‘p’ is the specific resistivity of the channel material

and ‘a’ is the model fitting parameter to account for the variations in the conductivity of the printed
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2.5 Summary

Table 2.3: A brief summary of printed resistors over glass using MCP

Feature R1 R2 R3 R4 R5 R6 R7 RS8 R9 R10
Approx. Length, L=100 | L=100 | L=100 | L=200|L=200|L=200|L=200|L=2350|L=280 | L =120
Width (um) W=40 | W=18 | W=41 | W=50 | W=50 | W=50 | W=30 | W=80|W=40| W=100
Avg. Thickness (nm) 140 350 300 353 386 360 302 64 65 140
Avg. Resistance 4.80 GQ | 120 Q 448 Q 131 Q 224 Q) 100 86 Q 4.6 KQ | 3.1 KQ 600 Q

resistors. J is the current density and A is the cross-sectional area of the printed resistors.
The value of ‘p’ used for model simulation is 2 p€2-cm as per datasheet [64]. It can be concluded

from Figure that model results are in close agreement with the experimental results.
2.5 Summary

In this chapter, micro-cantilever based precise printing approach was explored for printing cus-
tomized micro-scale electronic components such as PANI-ES semiconductor arrays and Ag metal-
nanoparticle based resistors. We have established that the MCP technique can provide a linewidth
feature to particle size ratio of 340 for AgNP inks, which is five times finer than the typical inkjet
printing ratios of 1800 [70,71]. We have systematically presented the parameters that need to be eval-
uated for printing a novel material onto a given substrate. For example, for the particular combination
of 60R SPT, AgNP ink and glass substrate, particle size of a few nanometers, ink viscosity below 20
cP, chamber humidity below 60% and an ink-substrate contact angle of about 20° were found to be
the optimal conditions for achieving cohesive, stable printed features. Further, thickness of the printed
features below 100 nm and linewidth about 80 pum and slow annealing at 200°C were necessary to
achieve features with resistance values in k() range.

I-V characterisations show that printed resistors of AgNP ink have average resistance in order of
few hundred €2 to few k€2 depending on the thickness of their printed channel with an applied voltage
range of -0.5 V to 0.5 V. A simple current model was developed to verify the experimental results for I-
V of the printed resistors. The model results show close agreement (R2=0.9988) with the experimental
results.

Our analysis has shown that the MCP technique is a unique method that is highly effective for
printing on-demand patterns on a variety of substrates, using metallic or organic semiconductor inks.
The MCP technique is applicable to printing of biomolecules, carbon based nanoparticles and polymers.

The niche use of this technique can be found in rapid prototyping of precise monolithic electronic
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circuitry elements such as resistors and transistors. It can also help for printing conductive polymer
arrays with microscale spot sizes. The circuit elements so printed can be used as sensors for personalised

biomedical and translational medicine applications.
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3. Printed Micro-Resistors Using Silver Nanoparticles (AgNP)

3.1 Introduction

In this chapter, the insights gained from the fundamental analysis of different aspects of MCP, have
been used for detailed printing, electrical characterization and analysis of AgNP micro-resistors using
different modes of printing techniques based on MCP.

In recent years, printed electronics has emerged as a prominent alternative to the conventional
photolithography based microelectronic fabrication technology to fabricate electronic devices such as
resistors, capacitors, inductors, thin-film transistors (TFT), organic and in-organic field-effect transis-
tors etc. |45,58-60]. The electronic devices fabricated with printed electronics have been successfully
applied in the field of sensors [72]|, RFID applications, displays, photovoltaics, electronic circuits and
memory-device fabrication [30-35]. Among mainstream printing technologies, the inkjet printing tech-
nology (IPT) has attracted scientific community the most owing to its additive manufacturing process
which can be carried out at low-cost [73], lower temperatures [58|, non-vacuum environment [3745,46|.
Moreover, IPT is maskless technology [33], has reduced number of steps [58|, is less wasteful [45] and
eco-friendly [60].

To fabricate any electronic circuit, we need to fabricate the passive components like resistors,
capacitors, inductors at the outset. There have been several reports on the fabrication of passive
electronic components using IPT. Jung et al. [33] used IPT to print poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) based resistors and have investigated the effect of additives and
over-printing on the conductivity of the printed resistors. Garret et al. [37] used poly 4-vinylphenol
(PVP) ink as a dielectric layer and AgNP ink as the conductor to fabricate inductors and capacitors
using IPT. Similarly, Sternkiker et al. [38] demonstrated the manufacturing of inductor coils, capacitors
and rectifying diodes using silver ink as conducting layer, PVP as a dielectric layer and PEDOT: PSS
as a semi-conducting layer. In all the above reports, the emphasis was given on fabrication of either
capacitor, inductor or diode but none of the reports detailed the fabrication of a printed resistor.
Moreover, most of the printed features have dimensions in ‘mm’ range. There are few reports which
discuss the various aspects related to the fabrication of printed resistors [33,49,[58} 60} 74| but these
printed resistors have dimensions in ‘mm’ range, focus more on device application and lack in-depth
analysis for various physical and chemical parameters involved in the fabrication process. Therefore,
being the basic element of electronic circuitry, the printed resistor fabrication area needs much higher

attention from the research community.
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3.2 SOP, DIPSOP and SDP based AgNP PMRs

In this work, we have utilised a micro-cantilever based printing technology (MCP) [22]. MCP like
IPT is also an additive manufacturing technology which is processed at low cost, lower temperatures
near room temperature, does not requires vacuum, is maskless and eco-friendly [2|. We have developed
three different printing techniques within MCP named as SOP, DIPSOP and SDP. A detailed electrical
characterisation based analysis has been reported for printed structures from each of printing techniques
for comparison. Silver nanoparticle (AgNP) ink dispersion with average particle size of 50 nm have been
utilized to print microstructures of size ~ 50 pum over substrates like glass, polyethylene terephthalate
(PET) and silicon. Moreover, we have used only AgNP ink for complete device fabrication in order to
avoid any interfacial irregularities at the nano-scale. To the best of our knowledge, this for the first time
that the printed micro-resistors of AgNP ink as a single material electronic device (SMED) has been
reported to be fabricated using SOP, DIPSOP and SDP printing techniques based on micro-cantilever
based printing technology.

The experiments are started by printing two square-shaped contact pads back to back and a rect-
angular channel of AgNP ink (used in chapter 1) connecting both contact pads over a cleaned coverslip
glass substrate to act as a PMR with channel length and width being in pym regime. Such resistor has
no issues of contact resistance and interface-mismatch, as contact pads and the main channel region,
have been fabricated with the same material. Figure shows fabrication steps of the proposed device
using the top view of the optical image of PMR. The printed features are annealed gently till 200°C and
their electrical characterization is performed using DC probe station (DCPS) as shown in Figure [3.1]
The process of annealing is necessary for PMR fabrication as DC probing is carried out only for prop-
erly dried samples. The substrate is rinsed with de-ionised (DI) water and isopropyl alcohol (IPA) for
two to three times and blow-dried with nitrogen. Before use, it is treated in UV /Os environment for
30 minutes for cleaning. The detailed printing process of SOP, DIPSOP and SDP based PMRs have
been reported in Appendix A and conceptual diagrams of respective technique is shown in Figure [3.2

and Figure 3.3

3.2 SOP, DIPSOP and SDP based AgNP PMRs

The fabrication of MCP based PMRs of AgNP is tried over various substrates such as silicon and
PET but the best results are obtained for glass substrate. Figure show the representative SOP,

SDP and DIPSOP PMRs on glass after annealing and electrical characterization.
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Contact Pad

== 50 pm

AgNP Printed (f)
Micro-Resistor

.S

— .
50 pm AgNP Micro-Channel

Fig. 3.1: Fabrication steps of the proposed PMR (a) Left electrode fabrication (b) Right electrode fabrication
(c) AgNP channel bridging two electrodes to complete first level of PMR fabrication (d) PMR after 1 hour from
printing (c) PMR after annealing (d) PMR after electrical characterization after 1 year

It is observed from Figure[3.1](f) and Figure[3.4|b,e and f) that proposed PMR show good structural
stability even after 1 year from print. Table [3.1] details the minimum feature size and print resolution

for different printing techniques as shown in Figure [3.5] and Figure [3.6] respectively.
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Fig. 3.2: (a and b) Schematic diagrams showing the printing steps of SOP
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Fig. 3.3: (a,b and c) Schematic diagrams showing the printing steps of DIPSOP (d,e and f) Schematic diagrams
showing the printing steps of SDP

3.2.1 Comparison between SOP, DIPSOP and SDP

The micro-resistors printed with SOP technique have lower edge roughness, proper thickness and
dimensions in micro-to-nanometer regime with average electrical resistance, R varying in the range of

few hundred ohms as seen in Table[7:2] SOP has a continuous supply of ink that can print comparatively
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SOP-PMR (a) [P (d)

Scratch due to DC probe tips (TSE)

L=75pum, W=27 um

® -
L=80 pm, W = 130 pm

80 pm

.

DIPSOP-PMR

Fig. 3.4: Representative SOP, SDP and DIPSOP PMRs on glass (a, b and ¢) after annealing (d, e and f) after
electrical characterization after 1 year from print

large number of PMRs in one go, once the ink starts flowing through the micro-cantilever channel in
spite of being relatively slow. However, SOP can only be performed if the SPT micro-cantilever channel
is properly cleaned and the ink satisfies certain physico-chemical pre-requisites. Moreover, SOP has the
highest possibility of facing spillover of ink. On the other hand, DIPSOP is the most reliable printing
technique as it ensures the repeatability of the printed structures. DIPSOP can be performed with
almost any ink which can be withdrawn by SPT micro-cantilever. However, DIPSOP is the slowest
among the three printing techniques because the structures printed using DIPSOP have larger edge

roughness and the ink needs to be withdrawn from local ink reservoir at regular intervals. SDP print
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Si0,/Si
= 5 um

SOP (spot)

DIPSOP
(spot) DIPSOP (line)

Fig. 3.5: Optical image showing minimum feature size for different printing methods (a) SOP-spot with
dimensions near 0.46 ym (b) SOP-line with width near 5.43 pm (¢) DIPSOP-spot with dimensions near 0.68
pm (d) DIPSOP-line with linewidth near 1.02 pm

Table 3.1: Table for minimum feature size and print resolution

SOP DIPSOP SDP
Minimum 0.46 (S,G) | 0.68 (S, G) 1.8 (LL,Si)
Feature size (um) | 5.43 (LW,G) | 1.02 (LW,G) ' ot
Print :
Resolution (um) | 19 (@) 1.92 (G) 1.8 (Si)

S: Spot, LW: Linewidth, LL: Length of line, G: Glass, Si: SiO2/Si

technique has the advantage of printing features at a faster rate with low line edge roughness, however,
it requires fast and constant ink flow rate which is very difficult to be maintained by SPT reservoir
for a longer period owing to various physical and chemical limitations. Additionally, SDP has the
least chances of spillover as it ensures that only micro-cantilever of the SPT touches the surface of the

substrate.
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AgNP (b) Unfocused AgNP
printed lines Micro-cantilever printed pad

sy Channel -
[ g 1.92 pm
& '~.\

\

AgNP '
printed pad DIPSEJ}

" AgNP
~ Local ink reservoir

DIPSOP

Fig. 3.6: Optical image showing printing resolution for different printing methods (a) printing resolution of
1.9 pm achieved by SOP on glass substrate (b) printing resolution of 1.92 ym achieved by DIPSOP on glass
substrate (c) printing resolution of 1.8 um achieved by SDP on SiO2/Si substrate (d) printing resolution of
3 um achieved by DIPSOP on SiO2/Si substrate between two spots

L@

Col. Sep: 26.00 pm
00 Row Sep: 25.00 pm
0 » RH: 39.00

a P2 ap3 @pa ° PS5

AgNP. PMR Array
) e bstrate: SiO s 9() pm Substrate: SiO,/si

Fig. 3.7: SDP-PMR arrays of AgNP on SiO3/Si substrate after annealing (a) Initial set of PMRs (b) Second
set of PMRs. P1 to P5 are contact pad regions and C1 to C4 are PMR channel regions in both figures
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Table 3.2: Surface roughness parameters, R, and R, for each printing method, number of printed layer, W
and L

Analysis Printing techniques Number of Printed Channel width (W), Channel length (L),

P ¢ Layers L = 30 ym W = 30 pm
arameters gpp | SOP | DIPSOP | 1 3 5 | W; =12 ym | W3 — 45 ym | L; — 106 gm | Ly — 166 um
R, (nm) 12.1 18.7 30.5 30.5 31.6 36.9 83 93.4 31.8 33.8
R, (nm) 8.83 14.1 24.3 24.3 25.5 29.5 67 76.3 25.6 24.7

Scan Range | o o |5 5| 5x5 |5x5|5%x5]|5x5 5% 5 5x5 5x5 5% 5

(s x pm)

Substrate | SiOy/Si | Glass Glass Glass | Glass | Glass Glass Glass Glass Glass

3.3 Results and Discussions

3.3.1 Effect of annealing on PMRs and Tip scratch effect (TSE)

Electrical characterisation is performed for a drop-casted AgNP layer and a SOP-PMR with channel
length and width of 220 ym and 30 pm respectively, to analyse the effect of annealing on the electrical
behaviour of the PMRs. Figure (a and b) show the I-V characteristics of drop-casted AgNP layer
for a voltage linear sweep of £ 1 V, before and after annealing respectively. It is observed that the
current increases from + 2 pA to £ 0.1 A after annealing. Figure m(c) shows that unannealed
SOP-PMR is conducting, however, the current varies non-linearly with voltage. This is because the
sample is not completely dried and liquid content results in sudden fall and rise in the current values.
Figure [3.10{d) shows the I-V characteristics of SOP-PMR after optimized drying and annealing. It is
observed that the process of annealing removes the non-linearities and improves the conductivity of
the PMR.

It is observed that the printed ink of the unannealed resistors has weak adhesion to the glass
substrate as the printed area which comes into the contact of the DC probe tips gets scratched during
electrical characterization of these resistors. This phenomenon has been named as tip scratch effect
(TSE) as seen in Figure B.I[f) and Figure [3.4(b). Therefore, to avoid TSE, proper annealing of the
printed structure is the foremost requirement. However, heating these micro-structures suddenly at
higher temperatures can introduce thermal stress that can be detrimental to the device structure.
Therefore, PMRs are annealed gently at a rate of 2°C per minute from 50°C till 200°C [22|. Further,
the thickness of the printed feature needs to be high (> 1 pm) to avoid TSE. The non-uniform thickness
caused by T'SE can be minimized by proper selection and pre-treatment (like exposure to UV-ozone) of
the substrate, through which its adhesiveness with the printed layer after annealing can be improved.

Other solutions can be the deposition of multiple layers of the ink over the contact pads and the channel
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Fig. 3.8: (a) Field-emission scanning electron microscope (FESEM) image (Make: JEOL, Model: JSM-7610F)
showing Al-AgNP interfaces along with AgNP channel region with a scale bar of 10 ym. Inset shows the optical
image of PMR on PET (b) FESEM image showing the Al-AgNP left interface of (a) with a scale bar of 100 nm

region to increase the thickness of the printed structure to resist TSE or to fabricate the contact pads
through silicon micro-fabrication technology and connect them using MCP based printing techniques

as shown in Figure [3.8]
3.3.2 Methods for print-thickness control

It is important to control the thickness of printed features as their resistance is mostly determined
by thickness. Print-thickness can be controlled by optimizing the position of micro-cantilever from the
substrate using NanoWare software in such a way that micro-cantilever touches the substrate as per
the requirement of thickness. The SPT micro-cantilever is made to hit the substrate hard to deploy a
larger volume of ink if higher print-thickness is required while micro-cantilever has just to touch the
substrate gently to deposit a thin layer of ink. The print-thickness can also be controlled by optimizing
several other parameters such as substrate response to the ink particles, quality of ink in terms of its
particle-size, viscosity, the evaporation rate of solvent, effect of printing environment . For higher
thicknesses, multiple deposition-annealing cycles can be carried out i.e. after a feature is printed and
annealed, the printer can be used to re-deposit the ink on the exact same spot using the X-Y movement
of stage. For further hardware modification, a micro-heater enabled stage can provide in-situ annealing
to the printed features to make the process faster and more accurate. Moreover, there are different
varieties of SPT with different widths of micro-channel such as 5 pm, 10 gm and 20 pgm, which can be

used to print features with controlled thickness once the above-mentioned parameters are optimized.
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3.3.3 Analysis of uniformity of thickness for PMRs

The thickness of the PMRs is measured by a Veeco DEKTAK 150 profilometer. The analysis
of uniformity of thickness for different printing techniques, is based on the surface roughness data
obtained from Atomic Force Microscopy (AFM) [Make: Bruker|. Mutilple AFM scans are performed
on the PMRs with different scan ranges like (50 X 50) pm, (20 X 20) pum, and (5 X 5) pm and the
least value of the roughness parameter has been noted down. For this analysis, R, (arithmetic average
roughness) and R, (root mean squared roughness) have been considered as parameters for surface
roughness. Table shows the least values of R, and R, for each printing method, the number of
printed layer, W and L. It is observed that SDP-PMRs have the least surface roughness (i.e. highest
uniformity of thickness) followed by SOP-PMRs. SDP technique performs the printing in one go and
the micro-cantilever remains in continuous contact with the substrate and uniformly distributes the ink
in the desired shape and size of the feature similar to polishing the substrate with the ink layers. On
the other hand, the SOP technique prints continuous structures by partially overwriting a spot over the
previous spot. As a result, some minor non-uniformity is introduced in the overlapped region between
the two successive spots due to the diffusion of ink molecules in the two spots. However, in SOP mode,
the ink supply through the micro-cantilever channels is not interrupted during the printing process.
Hence, the ink-density is nearly uniform for each printed spot. However, in DIPSOP technique, the
ink needs to be refilled after printing a certain number of spots and usually the ink-density decreases
slightly with each printed spot. Therefore, least uniformity of thickness is achieved with DIPSOP
technique comparatively. However, with optimization of physical and chemical properties of the ink
and its interaction with the substrate, and several other parameters [22,30,33|, surface roughness can
be minimized. Figure and Figure shows the corresponding AFM images for different printing
methods, different number of printed layers and different dimensions discussed above for uniformity of

print-thickness respectively.
3.3.4 Electrical characterisation of AgNP printed micro-resistors

This section discusses the I-V characterisation for the above-printed micro-resistors. DC probe
station of Lakeshore cryotronics (Model: CPX) and EverBeing (Model: BD6) was used along with
Keithley 4200A-SCS Parametric Analyzer [61] to probe the printed resistors. Figure [3.9)(a) shows the

[-V characteristics of the spillover AgNP layer over the glass, SiO5/Si and polyethylene terephthalate
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Fig. 3.9: (a) IV characteristics of AgNP spill layer over different substrates (b) I-V characteristics of repre-
sentative SOP-PMRs after annealing
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Fig. 3.10: I-V characteristics of drop-casted layer of AgNP ink on glass (a) before annealing (b) after annealing.
I-V characteristics of SOP-PMR on glass (c) before annealing (d) after annealing

(PET). The I-V curve of AgNP spill layer on glass has been used as a reference to compare the I-
V characteristics of the SOP, DIPSOP and SDP based PMRs on the glass. It has been measured
that AgNP spill layer on glass has R of 4.4 Q. The reason behind such low R and higher current
of the AgNP spill layer is its higher thickness and surface uniformity. Figure (b) shows the -V
characteristics of SOP-PMRs on the glass substrate. It is observed that current varies in the range of
-1.67 mA to 0.573 mA for an applied voltage linear sweep of + 0.1 V while the measured R, varies

in range of 94 Q) to 224 ). Figure a) shows the I-V plot for SOP R4 for different levels of probe
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Fig. 3.11: (a) I-V characteristics of AgNP SOP R4 on glass surface at different levels of dc probe tip adjustment
indicating a bad contact (b) Plot of measured average electrical resistance of PMRs against their thickness
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Fig. 3.12: [-V characteristics DIPSOP-PMRS after annealing

It is observed that as the probe tip is forced more deep into the device, current

initially increases but as the tip is forced further deep into the device, TSE occurs (Figure[3.13(a)) and

device starts exhibiting non-conducting behaviour. Therefore, proper tip adjustment is also a crucial

parameter to achieve the desired characteristics for the electrical characterization of a bare printed

resistor. However, Figure [3.11)(a) shows that current varies non-linearly with the applied voltage and

gets saturated after a certain voltage in the first three cases which are free from TSE. The probable

reason for such non-linear behaviour seems to be the non-uniform surface of the glass substrate and
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(a)

TSE in third level of probing

Fig. 3.13: (a) Optical image showing TSE effect seen in SOP R4 on glass in third level of probing (b) Optical
image showing ‘IITG’ printed using SOP technique over glass substrate

PMR. Figure b) shows the printing of ‘II'TG’ using SOP technique over coverslip gass. The inset-
region in Figure b) has been used for study of surface uniformity of SOP-printed stucture after
annealing. Figure (b) shows a combined plot of measured R of the PMRs against their thickness.
It is verified that R decreases with increasing the print-thickness. The resistivity of PMRs on glass
having R in Q-range is computed using standard formula, p = RWt /L, where R is the average electrical
resistance, W is the channel width, L is the channel length and t is the print-thickness of PMR. The
order of the resistivity is same for all the PMRs which is 1075 Q-m, with variation in magnitude from
1.22 to 5.4. This variation is observed probably due to higher surface roughness of the PMRs which
results into the surface scattering of the charge carriers and subsequent variation in resistivity .

Figure shows the I-V characteristics of representative DIPSOP-PMRs. The measured R varies
in range of 120  and 194  with a current variation of + 0.2 mA to £ 1.2 mA for an applied voltage
sweep of + 0.1 V in DIPSOP R1 and DIPSOP R2. However, some PMRs such as DIPSOP R3 have
comparatively higher R of 24 k2 with a current variation of £ 0.004 mA for the same applied voltage
range. The probable reason can be its thinner channel region and higher surface roughness. The
SDP based printing technique is optimised and the ink is properly distributed over the two contact
pads and the channel by the SPT micro-cantilever to achieve uniform thickness throughout the device.
Figure shows the electrical response of SDP R1. The current varies from + 6 mA (with an R of
16 Q) for a voltage linear sweep from + 0.1 V. This result establishes SDP technique as a potential
technique to print micro-structures of required dimensions and desired functionality. Moreover, the

linear variation of current with applied voltage in the I-V plots of each printing technique validates our
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Table 3.3: Table for comparison between standard SMD chip resistors and MCP based PMRs

Make and Model Resistance Length Width Thickness

Vishay CRCW e3 Series, Model: 1206 16 Q L~32mm | W~ 16mm |t~ 0.55 mm
SDP R4 16 L ~ 500 yum | W ~ 200 ym | t ~ 700 nm

WALSIN WRO06 Series, Model: 0603 93.1 Q L~16mm | W~08mm |t~ 0.45 mm
SOP R1 94 Q) L ~ 475 ym | W ~ 200 ym | t ~ 360 nm

TE CONNECTIVITY CPF-A Series, Model: 0603 120 © L~155mm | W~08mm |t~ 0.45 mm
DIPSOP R2 120 Q L ~300um| W~ 120 ym | t ~ 350 nm
PANASONIC ERAGA Series, Model: 0805 133 L ~2mm W~ 125 mm | t ~ 0.5 mm
SOP R2 134 Q L~ 450 ym | W ~ 200 ym | t ~ 353 nm

MULTICOMP MCTO05 Series, Model: 0805 196 Q2 L ~2mm W~ 1.25 mm | t ~ 0.55 mm
DIPSOP R1 1940 L~190 ym | W ~ 125 ym | t ~ 300 nm

MultiComp MCMR, Series, Model: 0402 226 ) L~1mm W~ 05mm |t~ 0.35 mm
SOP R3 224 Q) L ~ 460 ym | W ~ 200 ym | t ~ 386 nm

* L,W and t are overall device Length, Width and Thickness

claim to consider the printed structures as micro-resistors. When I-V measurements were performed
after 1 year, a shift of few ohms was observed in R of PMRs which states that MCP based PMRs are
electrically stable even after 1 year. A summary of fabricated and measured PMRs is presented in
Table where spill layer data has been presented as a reference for comparison. Since the printed
contact pads are not sufficiently thick, the level of probing varies from one PMR to other PMR.
Therefore, R varies somewhat inconsistently with the product of W/L ratio and t from one PMR to

other as seen in Table [.2
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Printed.léyer 1 Printed.léyer 3 Printed layer 5

Fig. 3.15: AFM images for different printing methods and printed layers

3.3.5 Comparison between proposed and SMD Resistors

The proposed PMRs can be effectively used as SMD chip resistors on PCBs. Most of the standard
SMD chip resistors available in the market have the size in ‘mm’ range, costs more than $ 0.014 per
chip resistor and consume power more than 100 mW [77-79|. For instance, SMD chip resistor for
226 2 (Make: MultiComp MCWR series, Model: 0402) has overall device length ~ 1 mm, width ~
0.5 mm, thickness ~ 0.35 mm, minimum unit price of $ 0.2424 (including the assembly cost and the
fabrication cost of a SMD resistor) and a power rating of 62.5 mW [80-82]. Close to this chip resistor,
our SOP R3 offers 224 @ with overall device length ~ 460 pm, width ~ 200 pm, thickness ~ 386
nm, and a unit price of ~ $ 0.035041 (including the cost of ink and SPT) and excluding the overhead
charges of electricity, labour charge, packaging and storage charge, shipping charge etc. Table
shows a comparison between standard SMD chip resistors available in market and MCP based PMRs
fabricated in this work. The PMRs fabricated using MCP based printing techniques have smaller
dimensions, are at least 7 times less costly and expected to consume less power due to their smaller
size as compared to the standard SMD chip resistors. Additionally, PMRs fabrication can directly be
carried out over PCBs to reduce the time-complexity of the fabrication process and to minimize the

cost of assembly and packaging [83].
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e

W=12 pum, L=30 um

L=106 pm, W =30 um L =166 pm, W =30 pm

Fig. 3.16: (a, b) AFM images for different channel width (c, d) AFM images for different channel length

3.4 Summary

In this chapter, micro-cantilever based printing technology (MCP) has been optimized and utilized
to print micro-resistors of AgNP ink with a particle size of 50 nm on a variety of substrates such as
glass, silicon and PET. These PMRs are single material electronic devices as the core device is made
up of AgNP only which in turn reduces the issues of interfacial mismatch. Three different printing
techniques based on MCP have been developed which have been named as SOP, DIPSOP and SDP. The
PMRs are found to be structurally and electrically stable even after 1 year of observation. Electrical
characterization based analysis of PMRs on glass substrate shows that MCP can modulate the print
thickness and W/L ratio of the AgNP PMRs to achieve ~ 50 times higher R than the AgNP spill
layer. Hence, it can be concluded that with proper optimization of print thickness and W /L ratio, the
average resistance of the PMRs can be tuned to the desired level using MCP based printing techniques.

SOP can print comparatively large number of PMRs in one go while DIPSOP is the most reliable and
TH-2495 146102016

47



3. Printed Micro-Resistors Using Silver Nanoparticles (AgNP)

SDP is the fastest printing technique. It was also found that proper annealing is a must before DC
probing to avoid TSE and to achieve the required device characteristics. The analysis of surface
roughness based on AFM scans reveals that SDP technique has the highest and DIPSOP technique
has the least uniformity of thickness. Moreover, the minimum feature size of sub-1 ym and printing
resolution of sub-2 um has been achieved using these printing techniques. These printing techniques
can be extended to fabricate micro-capacitors, field-effect transistors (FETS) etc. which can be applied
in varied electronic applications in the field of sensors, displays, electronic circuits fabrication etc. The
MCP based printing techniques can also be used to print structures with other kinds of ink which can
be semi-conducting, conductive polymer, biological etc. in nature. The structures printed with such
inks can also be tested for low-cost biosensors. Furthermore, these printing techniques can be utilized
to functionalize a particular surface within a sub-5 pm regime at a targeted location. With numerous
advantages and applicability in a variety of fields, MCP based printing technology is expected to be
a potential and low-cost future technology for electronic device fabrication and can prove to be an
effective alternative to the standard silicon microelectronic fabrication technology and inkjet-printing

technology for specific applications.
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4. ZnO Multiple Nanowires Based Printed-Schottky Diodes

4.1 Introduction

The expertise gained in printing of AgNP micro-structures on various substrates in the previous two
chapters, has been used here to fabricate ZnO multiple nanowires-based Schottky diodes for sensing
air pollutant gases such as COs, CO and NOs. It is noteworthy tha the rapid increase in industrial
growth has affected the environment around us adversely with air pollution being one of the major
concerns. Therefore, the development of highly sensitive, selective and low-cost gas sensors is the need
of the hour. Metal oxides have been one of the favourite sensing materials used for the fabrication of
gas sensors for sensing air pollutants such as CO2, CO and NO; [84-86]. Particularly, ZnO nanowires
(N'Ws) have evolved as one of the most promising material for sensing air pollutants due to their higher
sensitivity, ability to sense multiple gases, higher thermal and chemical stability, high surface-to-volume
ratio

ZnO NW based sensors generally operate at higher temperatures which increases the power budget.
Sinha et al. have reported CO sensing at 200 ppm using ZnO NW arrays at 250°C [87|. Ahn et al. have
also reported NOg sensing at 225°C with a vertical network cluster of ZnO NW [88]. ZnO NWs are
synthesized utilizing several methods, such as, chemical vapour deposition (CVD), electrospinning and
deposited using pulsed laser deposition etc. which involve sophisticated equipment [89,90]. Hong et al.
have reported the fabrication of comb-like ZnO nanostructures grown using a modified CVD method
for CO sensing at room temperature [86]. Rakesh et al. have also reported room temperature detection
of CO using Au decorated ZnO NW which have been grown using vapour-liquid-solid (VLS) method,
where a vacuum furnace is involved [91]. Kannan et al. have explored COy sensing properties of
ZnO thin films which have been deposited using DC reactive magnetron [92|. The fabrication process
in above reports is expensive, time-consuming and complex. Moreever, the metal contact pads are
also typically deposited using costly shadow masks and spohisticated photolithography processes for
electronic device fabrication [93]. Therefore, a simple, less expensive and rapid fabrication process is
required for contact pad fabrication and deposition of ZnO NWs to develop devices that can sense
pollutant gases at room temperature. In our previous works, we have already optimised the electrical
properties of AgNP contact pads using micro-cantilever printing (MCP) over various substrates which
have been used here as metal contacts for the fabrication of Schottky diode based gas sensors [22,36].

In this chapter, gas sensors based on Schottky diode have been proposed with a different fabrication

approach which consists of two phases. In first phase, a small volume of ZnO NW dispersion (NWD) is
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4.1 Introduction

Fig. 4.1: Schematic diagram of (a) ZnO NW micro-mat diode (b) ZnO NW micro-bridge diode. L: Channel
Length, CP: Contact pads, NW: Nanow1re
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Gas sensing set-up

Fig. 4.2: Schematic showing complete flow diagram of ZnO NW-uMD/NW-uBD based sensor fabrication. For
ZnO NW-uBD, the AgNP contact pads are printed in step (b) with rest of the steps being same

drop-casted over a gap (channel) between pre-drop-casted and annealed AgNP contact pads to deposit
random and dense clusters of ZnO NWs, resembling the shape of a mat, at several places along the
channel. This device has been named as ZnO NW-uMD. The core idea to develop ZnO NW-uMD is
to verify the response of ZnO NWs to CO4, CO and NOs in a simple and rapid way on the go. Once
the response of NWs is verified satisfactorily, the device optimization has been performed by printing
the AgNP contact pads using the MCP technique in the second phase |2 . The channel dimensions
have been controlled and optimised via printing technique and a ZnO NW bridge like channel with
less density of NWs is formed after drop-casting of ZnO NWD in DI water to improve the sensitivity
and response time of the sensors. The optimised device is referred to as ZnO NW-uBD. A conceptual

schematic diagram of these two devices is shown in Figure [I.2] Therefore, the sensor fabrication based
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Fig. 4.3: EDS data for ZnO NW mat. Inset shows FESEM image of ZnO NW

on micro-cantilever printing technique offers a low-cost, room temperature, non-vacuum, and can be
a potential alternative to the conventional gas sensor fabrication techniques which involve high-end
equipment and have longer fabrication time. Probably, this is for the first time, micro-cantilever printed
AgNP contacts for ZnO NW mat/NW bridge-Schottky diodes based gas sensor fabrication has been

reported. The detailed fabrication steps are presented in Appendix B and C.

4.2 Gas sensing set-up

4.2.1 Contact modification in printed diodes

The fabricated contact pads have their dimensions in ‘um’ regime (~ 500 pm). To test the fabricated
devices as gas sensor, the contact pads dimensions need to be in ‘mm’ regime (> 2 mm) because gas
sensing experiments have been performed in a Controlled Environment Chamber in which the gas-flow
is controlled using mass flow controllers (MFCs) (Make: Alicat Scientific) which have a high reading
accuracy of = 0.4 % . CEC uses crocodile clips to connect the sensor to electrical characterization
equipment. If these clips are directly attached to the fabricated devices, they can scratch the contact

pads. A copper (Cu) tape strip with a width of ~ 2 mm is pasted closely to both the AgNP contact pads
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to make the fabricated devices compatible with CEC. Further, to connect the Cu-tape to the AgNP

contact pads, 1 uL. of AgNP ink is drop-casted and annealed over the disconnected area between the

tape and the contact pads.
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Fig. 4.6: Representative baseline semi-log I-V response of ZnO NW-yMD and ZnO NW-uBD

based gas sensor fabrication.
4.2.2 Gas sensing procedure

The sensor is placed in the gas sensing chamber (volume ~ 9429 cm?) in CEC and it is connected to
Keithley 4200A-SCS parametric analyzer |61] using low-noise triaxial cables. The gas sensing chamber
is set to vacuum first and then pressurized with dry nitrogen (N3) and AER is measured for a particular
voltage sweep. This AER is taken as a baseline resistance for calculating the response of the sensor
and is represented as R,. After that, the chamber is vacuumed and a new mixture of analyte and
carrier gas is loaded into the chamber using Flow Vision MX”™ software [62] followed by electrical

characterization. This step is repeated for every new mixing ratio. When the chamber is pressurized

to the atmospheric pressure, this time is considered as a gas ON phase.

4.3 Results and Discussion
4.3.1 Characterization of fabricated devices

To observe the elemental composition of the channels, Energy-dispersive X-ray spectroscopy (EDS)
[Make: Zeiss, Model: Sigma| was performed. Figure shows the FESEM image of the ZnO NW

mat in the channel region and its corresponding EDS spectra, which shows the weight % of 38.3%,

27.3%, 8.9% and 1.9% for Zinc (Zn), Oxygen (O), Sodium (Na) and Sulphur (S) respectively. Sodium
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Fig. 4.7: (a,b,c) AER variation with gas concentration and sensor response of ZnO NW-uMD based gas sensors
(d) Transient response of ZnO NW-uMD based NOz sensor

and Sulphur presence in EDS spectra is due to the addition of SDS in DI water. It is reported that
negative part of the SDS interacts with positive part of ZnO which affects the surface morphologies
and aspect ratio of ZnO nanostructures. It is also mentioned that Na ions can act as shallow donors
to ZnO nanostructures to affect the response of ZnO based sensors . Similarly, Figure shows
the FESEM image of ZnO NW bridge in the channel region and its corresponding EDS spectra, which
shows a weight % of 50.1% and 49.9% for Zn and O respectively.

Figure shows the X-ray Diffraction (XRD) [Make: Rigaku, Model: Micromax-007HF| spectra
of ZnO NWD in LST-DI water and DI water. It is observed that there are three major peaks present
for 20 value of 31.8°, 34.44° and 36.26° for ZnO NWD in DI water case which corresponds to ZnO
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Fig. 4.8: AER variation with gas concentration and sensor response of ZnO NW-uBD based gas sensors

hexagonal wurtzite structure according to JCPDS database (36-1451) [96,97]. It is also observed that
two major peaks are present for 260 value of 32.82° and 36.32° for ZnO NWD in LST-DI water case
which also corresponds to ZnO wurtzite structure. However, the highest peak is observed for 20 value
of 36.26° and 32.82° for ZnO NWD in DI water and LST-DI water respectively. Moreover, the intensity
ratio of the two major peaks in the two NWD cases is also different which indicates a difference in the
lattice orientation of the ZnO NWs in the two cases. The shifts in the XRD data indicate that the

sensing layer structure and crystal orientation is different for the two devices.

4.3.2 Electrical characterization of the fabricated devices

The I-V characteristics of the ZnO NW mat-based Schottky diode is shown in Figure 4.6| The
slight shift in the symmetry of the I-V curves for negative and positive bias in Figure [4.6] is propably
due to the fact that the ZnO NWs are drop-casted over the channel region and hence the contact
uniformity may slightly differ in the two AgNP-ZnO NW interfaces. The formation of Schottky diode
depends on the work function of the metal, interface properties of the metal-semiconductor junction,
the thickness of the metal contact, the amount of voltage applied between the contacts, annealing

process etc. |[98H102|. However, there are only a few reports on the formation of Schottky diodes using

AgNP contacts and ZnO NWs [103}104].
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4.3.3 ZnO NW-uMD based sensor response

The combination of three different gases have been chosen in order to perform a comparisonal
analysis and to check the level of selectivity and sensitivity of Schottky diodes fabricated using ZnO
nanowire mats or nanowire bridge structures for these three major air pollutants. The gas sensor

response, R, is represented as
b |Rg B Ra‘

a

R x 100% (4.1)

where R, represents the AER for analyte gas for a particular concentration and R, represents the
baseline resistance of the device |97]. The sensitivity is calculated from the slope of the linearly fitted
response curve [105].

Figure (a, b, and c¢) show the AER variation and response curve of ZnO NW-uMD for COg,
CO and NOg respectively. AER shows an increases tend with increasing COg concentration implying
COq9 acts as an oxidizing gas to ZnO NWM and extracts electrons from its conduction band which
leads to an increase in its AER. Contrary to this, AER shows a decreasing trend for CO and NOg
indicating that these gases act as reducing agent to ZnO NW mat. CO; is expected to react with
oxygen ions present on the lattice sites of ZnO NW bridge which results into the formation of neutral
oxygen vacancies. These oxygen vacancies finally ionize to give the electron back to the conduction
band of the ZnO and conductivity increases and AER decreases. This decreasing trend of AER with
increasing CO is in agreement with the literature 87,89, 106]. However, there in no readily available
explanation for AER decreasing trend for NOs. One strong possibility can be that ZnO NWs may get
doped by Na of SDS to get converted to p-type and hence the AER trend is reversed as compared to
n-type ZnO sensors |107]. F

The non-linearities observed in AER curves is due to the inclusion of baseline AER for each gas
sensing case which results in a initial shift in slope of the AER variation curve gas concentrations. If
the baseline AER is removed from these curves, AER variation with gas concentration is almost linear
in most of the cases. Further, a sensitivity of 0.077 %ppb~! for 10 to 240 ppb of CO3, 0.004 %ppb~!
for 100 to 750 ppb of CO and 0.492 %ppb~—! for 2 to 60 ppb of NOy has been observed with ZnO
NW-uMD. Figure d) shows the representative transient response plot for NOy sensing using ZnO
NW-uMD. Based on Figure (d), it is concluded that the sensor is reversible and a response time ~

30-40 s and a recovery time of ~ 1 minute is obtained.
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Fig. 4.9: Sensitivity comparison of ZnO NW-uMD and ZnO NW-uBD based sensors for different air pollutants

4.3.4 ZnO NW-;BD based sensor response

Figure [£.8(a, b) show the AER variation and response curve of ZnO NW-uBD for CO and CO,
respectively. Here, a decreasing trend for AER is observed for both the gases which is in accordance
with published reports . Therefore, both gases act as reducing agent for ZnO NW bridge.
However, a minimal response is obtained for NO2 using bridge. The probable reason can be the use
of non-SDS ZnO dispersion for ZnO NW bridge device. Consequently, a sensitivity of 0.115 %ppb~—*
for 5 to 100 ppb of COy and 0.011 %ppb—! for 100 to 860 ppb of CO is obtained using ZnO NW-uBD

sensor. The limit of detection (LOD) has been calculated as

3 X o

LOD =
© S

(4.2)

where, o represent the standard deviation of the AER and S is the sensitivity of the sensor. A LOD
of 0.23 ppb for CO2 and 9 ppb for CO has been obtained using ZnO NW-uMD and a LOD of 0.14
ppb for NOg has been obtained using ZnO NW-uMD. Figure [£.9 shows a mutual comparison between
sensitivity of ZnO NW-yMD and ZnO NW-uBD based sensor for CO2, CO and NOs.

4.3.5 Gas sensing mechanism

Since both the sensors are based on Schottky diodes, the Schottky barrier height and Schottky

contact area are expected to dominate the thermionic-emission based current transport through the
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ZnO NW channel as shown in following equation [108|

—499sB . 4V

Ispirpy = SA™T?e it [eiT — 1] (4.3)

where S is the area of the Schottky contact, A* is the effective Richardson constant, T is the tem-
perature, q is the unit electronic charge, k is the Boltzmann constant, V is the applied voltage, and
¢sp is the Schottky barrier height. The contact surface area of the ZnO NWs to the AgNP pads is
small for ZnO NW bridge based-diode as compared to ZnO NW mat based-diode due to less density
of NWs present at the interface. The ratio of contact circumference to contact area is therefore, large
for ZnO NW bridge based-diode which amplifies the effect of gas molecules adsorbed at the interface
by affecting the Schottky barrier height and hence the diode current [108|. Therefore, ZnO NW bridge
is more sensitive to CO2 and CO as Schottky contact dominates the sensing mechanism and make it
feasible at room temperature. In case of NOs, the defects and the presence of Na at the interstitial
sites of ZnO NW mat as shallow donors dominate the sensing mechanism, which make ZnO NW mat
based-diode more sensitive towards NOg as compared to ZnO NW bridge based-diode [94}/95,/109].
Moreover, Na can dope the ZnO NWs to p-type conduction at room temperature which can be a prob-
able reason for room temperature detection of NOgy [107]. However, consideration of other factors and
further exploration is required to firmly establish the gas sensing mechanism. The fabricated sensors
are low-cost devices as Ag contacts have been fabricated using MCP which is a room temperature, non-
vaccum, additive manufacturing process, and ZnO NWs have been deposited via simple drop-casing
techniques [36].

Table shows response, sensitivity, response and recovery time for all the gas experiments per-
formed along with a comparison of this work with other reported gas sensors. The fabricated sensors in
this work show sufficiently higher sensitivity than the reported ones. Furthermore, most of the reports
with high sensitivity either operate at higher temperature or have higher gas concentrations or use

functionalized ZnO for gas sensing.

4.4 Summary

In this chapter, micro-cantilever printed AgNP contact pads based ZnO nanowire Schottky diodes-
based gas sensors have been fabricated to sense three major air pollutants, CO2, CO and NOs at room

temperature. The sensor fabrication process has been optimised with the help of micro-cantilever
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Table 4.1: Comparison of ZnO NW-uMD and ZnO NW-uBD gas based sensors with other

reported sensors

Material Device Arg;)sfte Tem}()oecr;lture Concecfiia tion SF‘;(I; S/l;gl;;y tres trec Year Ref.
ZnO TF Resistor CO2 300 (500-10000) ppm | 0.0000005 20's 20's 2014 |92]
Zn0O:Ca NP Resistor CO2 450 (0-10000) ppm 0.000008 ~10s ~10s 2015 |97]
7ZnO NFs Resistor CO, 250 (200-1025) ppm | 0.0001125 9-17 s 9-17 s 2019 |105]
ZnO NW-VN Resistor CcO 250 200 ppm 0.000465 1s 2 ms 2016 187
ZnO Comb-like NS Schottky Diode CO RT 250 ppm 0.00032 ~5min | ~ 2.5 min | 2014 |36
7Zn0O/ZnS Core-Shell NS Resistor NO, RT (100-2400) ppb 0.353 ~40s | ~15-20s | 2018 |110]
ZnO NR Resistor NO, RT 10 ppm 0.0278 ~25s ~25s 2016 |111]
ZnO NW-pMD Schottky Diode COy RT (10-240) ppb 0.077 30-60 s | ~ 1-2 min | 2019 112]
Zn0O NW-puMD Schottky Diode CcO RT (100-750) ppb 0.004 30-60 s | ~ 2-5 min | 2019 112]
ZnO NW-uMD Schottky Diode NO, RT (2-60) ppb 0.492 40-50s | ~ 1min | 2019 112]
ZnO NW-uBD Schottky Diode CO2 RT (5-100) ppb 0.115 30s ~ 1 min | 2019 112]
ZnO NW-uBD Schottky Diode CcO RT (100-860) ppb 0.011 30-60's | ~ 1-2 min | 2019 112]

TF: Thin Film, NP: Nanoparticle, NFs: Nanoflakes, NS: Nanostructures, NR: Nanorod, VN: Verticle Network, HN: Horizontal Network, RT: Room Ten;})eratllre

printing technique, through which the dimensions of the contact pads and the channel is controlled.
The process of printing metal contacts reduces the cost of sensor fabrication, is additive, simple and
comparatively fast. The optimised ZnO NW-uBD based sensors show a sensitivity of 0.115 %ppb~!
for 5 to 100 ppb of COy and 0.011 %ppb~! for 100 to 860 ppb of CO. ZnO NW-uMD sensor has
shown the best sensitivity of 0.492 %ppb~! for 2 to 60 ppb of NOs. The response and recovery time
of the sensors for all gases is in the range of 30-60 s and 1-5 minutes respectively. A LOD of 0.14 ppb
for NOag, 0.23 ppb for CO2 and 9 ppb for CO has been obtained using fabricated sensors. Schottky
contact is found to be the dominating parameter which is responsible for higher sensitivity and room

temperature detection of the analyte gases.
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5. ZnO Single Nanowire Based Printed-Schottky Diodes

In the previous chapter, ZnO multiple NW based devices were fabricated and used as gas sensors.
However, it is evident from the previous discussions that ZnO NWM and NWB are dense clusters of
multiple NWs clubbed together and hence it is difficult to determine exact count of NWs responsilbe
for current transport. In other words, it is difficult to develop mathematical models for such mutiple
NWs-based devices. One solution can be the development of electronic devices based on ZnO single
NW (SNW) which has a definite dimension and additionally can improve the sensing parameters due
to its higher surface-to-volume ratio. Therefore, this chapter details the fabrication and application of
ZnO SNW based electronic devices. This chapter is divided into two parts. The first part refers the
optimization of aqueous dispersions of ZnO NWs discussed in Appendix B to place well-separated ZnO
SNWs on the substrate for single nanowire device fabrication. Once, ZnO SNWs are properly placed
over the substrate, MCP technique has been employed to overlap the both sides of the selected ZnO
SNW with AgNP metal contacts to fabricate ZnO SNW based Schottky diodes. The MCP-printed
Zn0O SNW Schottky diodes have been electrically characterised and the experimental results have been
validated through a thermionic emission based analytical model and the subsequent discussions are
presented. The second part of this chapter discusses the usage of ZnO SNW based Schottky diodes for

sensing two major air pollutants CO2 and CO.

5.1 Introduction

ZnO nanowires (NWs) are one-dimensional nanostructures with a larger surface-to-volume ratio,
high thermal and chemical stability with less power consumption, higher electron mobility, compatiblity
with modern device fabrication processes, having a long functional time, can be used as self-powered
devices and so on [39,/108,/113]. ZnO SNW has been regularly used for the fabrication of Schottky
diodes [18,19,108|. Kim et al. have used electron-beam evaporator and a shadow mask to deposit a thick
layer of Ag to act as Schottky contact for ZnO NW based Schottky diode fabrication [103]. Das et al.
have reported the growth of ZnO NWs on a c-plane sapphire substrates using a metalorganic chemical
vapor deposition system utilizing Diethyl zinc and high purity oxygen as the Zn and O sources [101].
Hu et al. [108] have reported the growth of ZnO NWs using vapor-solid process and have used focused
ion beam system to deposit Pt-Ga at one end of the ZnO NW for metal contact. Lee et al. report
the direct contact-printing techniques for Schottky diode formation using ZnO SNW [17]. They use

thermal evaporation for metal contact, the NWs are placed in the channel area using dielectrophoresis
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Prnnted AgNP Printed AgNP
Contact Pad Contact Pad

Fig. 5.1: Schematic diagram of ZnO SNW based Schottky diode. NW: Nanowire, L: Channel Length, D: NW
diameter

and NW bridges are decaled on the substrate using decal-printing agents like polydimethylsiloxane
(PDMS) layer.

It is observed that proper placement of metal contact pads over the ZnO channel material demands
sophisticated technologies like electron-beam lithography, thermal evaporation, RF sputtering or fo-
cused ion beam/scanning electron microscopy (FIB/SEM), which makes the Schottky diode fabrication
process costly . Furthermore, ZnO SNWs are generally grown by site-selective molecular-beam
epitaxy (MBE) or chemical vapour deposition (CVD) for diode fabrication, which increases the cost
further [19]. In this chapter, ZnO SNW based Schottky diodes are fabricated by placing ZnO NWs
on a clean SiO2/Si substrate by dispersion drop-casting technique and AgNP contact pads have been
printed directly over the ZnO SNW using micro-cantilever printing (MCP) technology [36]. MCP
technology is additive which can directly deposit the contact pads over the targeted areas of SNWs in
a controllable and rapid manner at room temperature and non-vacuum ambient. To the best of our
knowledge, there are no reports on the fabrication of ZnO SNW based Schottky diodes using MCP

technique. Figure [5.1] shows the conceptual schematic diagram of the proposed device.

5.2 Fabrication of ZnO SNW Schottky diode

5.2.1 Materials used

ZnO Nanowire powder (Product Id: 773999) and AgNP ink (Product Id: 736481) are procured
from Sigma Aldrich. Ag is preferred over other metals as it is comparatively low-reactive, more stable
and less expensive . The optimized NW dispersion with 0.3 % w/v of ZnO nanowires in DI water is

drop-casted over the SiO2/Si substrate at a high temperature near 190°C to speed up the evaporation
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WC lifted up
SDP-SP Ink distribution
or self-printing
Um

Prlnted

Contact Pad
Step 3:

Fig. 5.2: Schematic diagrams showing the printing steps SDP-SP. LIR: Local ink reservoir, uC: Micro-cantilever

Separated ink

of DI water to avoid the agglomeration of NWs into random clusters due to high surface tension
in DI water. The optimized ZnO SNWs solution helps to place the NWs at a reasonable distance
on the substrate, which helps in targeting an SNW for printing metal contact pads to complete the
device fabrication. AgNP contact pads are printed using MCP technology, which uses a molecular
printing system (Make: BioForce Nanosciences) containing a surface patterning tool (SPT) consisting
of a silicon micro-cantilever print-head . The micro-cantilever has a 5-10 ym wide micro-
channels through which the ink to be printed flows or is temporarily stored. The mechanism of AgNP

contact printing is described in the following subsection.
5.2.2 AgNP Contact Pad fabrication

The micro-cantilever tip can be used to perform SPT drag printing (SDP) and dip-ink printing
with spot overwrite printing (DIPSOP) [36]. The micro-cantilever is kept under UV/Og exposure for
at least 30 minutes before using it for printing experiments. This turns the surface of micro-cantilever
channels solvophilic to the AgNP ink to ensure that a large density of ink particles remain attached to
it during the drag and dipping process [22,[112].

After selecting a ZnO SNW, ~ 10 uL of AgNP ink is drop-casted as a local ink reservoir (LIR) ~
1000 pm away from one of the ends of the selected ZnO SNW. The micro-cantilever is positioned over
the AgNP drop and slowly brought down using the coarse and fine z-axis control settings in NanoWare

software installed with the printing system . When the gap between the micro-cantilever and the
TH-2495 146102016




5.2 Fabrication of ZnO SN'W Schottky diode

drop is less than 100 um, then both get focussed together in an optical camera attached to the printing
software. Further, the focus of the camera is re-adjusted to the tip of the micro-cantilever to avoid the
spillover (proximity of micro-cantilever and drop may lead to the direct hit of whole surface pattering
tool to the ink source).

SDP technique is used only for metal contact pads deposition where the micro-cantilever tip is
dragged to a shorter length (~ 100 - 300 pm) in such a way that the dragged portion of the ink is
not separated from the LIR. When the micro-cantilever tip is lifted up, the ink diffuses from LIR,
which is a bigger ink-spot of average diameter near 1 to 2 mm containing a high volume of the ink.
However, in this work, SDP is used to assist the targeted deposition of the metal ink to overlap the
ZmO SNW properly. To achieve this, the micro-cantilever tip is made to deliberately touch the surface
of the substrate being dipped in the LIR and is dragged to a longer length (~ 1000 pm) such that
a small volume of ink is separated from the source LIR. When the micro-cantilever tip is lifted up
gradually, the separated volume of the ink is uniformly distributed within a portion of the dragged
area without touching the LIR due to the longer length and small volume of ink deposition. The
above-mentioned process is repeated until the ink is uniformly deposited in the entire area dragged by
the micro-cantilever tip. The complete printing mechanism is shown in Figure

We have referred this phenomenon of uniform distribution of the separated ink (from the source
LIR) throughout the SPT dragged region once the micro-cantilever tip is lifted up, as SDP assisted
self-printing (SDP-SP) because the dynamics of the printing is totally governed by the volume of the
separated ink, gradient of the ink density and the ink-substrate mutual interaction.

Utilizing SDP-SP, a rectangular contact strip of AgNP is printed, overlapping one end of the ZnO
SNW. The overlap is achieved by stopping the drag of the ink closest possible to the ZnO SNW
end (preferably ~ 5 to 2 pym before NW) and allowing the ink to automatically diffuse and self-
print the remaining distance with the help of high ink-density gradient between the micro-cantilever
dragged region and the gap-region between the AgNP ink and ZnO SNW. The ink dragged by the
micro-cantilever can also be placed directly over the SNW by gently touching its ends. The direct
overlapping of ink is more feasible for SNW channel having length > 10 gm. Then the entire substrate
is annealed from 50°C to 200°C with a rate of 8°C/minute. To ensure proper connection between
the contact pad and the SNW, two to three DIPSOP based AgNP micro-spots (average diameter ~

5-10 pm) are printed by ultra-fine positioning. The targeted hit region ensures that 1-2 pm of the
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Fig. 5.3: (a) Optical image of dispersed ZnO SNWs on SiO5/Si surface (b) FESEM image of ZnO SNW after
annealing of drop-casted dispersion with a scale of 1 ym (¢) EDS spectra of ZnO SNW (d) SAED pattern
showing ZnO SNW as single crystalline material

peripheral region of the micro-spot touches the end of nanowire without completely drowning it with
AgNP ink. The DIPSOP spots are annealed properly to complete the fabrication of one-side of metal
contact. The above-mentioned steps are repeated to form the AgNP metal contacts to the other side
of ZnO SNW. DIPSOP is used to thicken and strengthen the printed AgNP layer at the AgNP-ZnO
SNW interface to avoid any chance of discontinuity in the AgNP printed layer and reduce the effect
of contact resistance and surface defects at interface, on the electrical characteristics of the Schottky
diodes.

There are modifications between our previous chapters and the present chapter, and their differences
are briefly summarized in Table The details of process development to accomplish the current

device are shown in Figure [5.2]
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Table 5.1: Comparison between our previous chapters and present chapter

Ref. Chapter

Chapter 3

Chapter 4

Current

Focus

Micro-cantilever based printing
(MCP) process development

ZnO multiple nanowires
as gas sensors

A device with ZnO single nanowire
as channel

Contact pads

AgNP

AgNP

AgNP

Channel AgNP ZnO multiple nanowires ZnO single nanowire
Devices Micro-resistors Back-to-back Schottky Diodes Back-to-back Schottky Diodes
. Contact pads: using SDP+DIPSOP | Contact pads: using SDP-SP + DIPSOP
Contact pads and channel printed . . .
. ) . Channel: Drop-casted ZnO multiple | Channel: ZnO single nanowire below contact

Process using MCP modes aiming for . . . . .

. . . nanowires over contact pads, aiming | pads, aiming overlapping between single

single material devices . .

for shorter channel lengths nanowire and pads to reduce contact resistance
AER range

(Fabricated devices)

16 Q- 224 Q

~ 1 MQ - 105 MQ

91 k2 - 671 kQ

Application

Surfa(:e mount micro-resistors

Gas sensors

Single nanowire device

5.3 Results and Discussions

5.3.1 Material Characterization for ZnO SNWs

Figure[5.3|(a) shows several ZnO SNWs dispersed over SiOs/Si substrate in black colour wih random
network of NWs at the periphery of the dispersion drop formed possibly due to coffee ring effect |68].
Figure [5.3|(b) shows the magnified Field Emission Scanning Electron Microscope (FESEM) (Make:
JEOL, Model: JSM-7610F) image of one of the dispersed and well-separated ZnO SNW with ap-
proximate length of 4 um and a diameter (width) of ~ 300-350 nm. The elemental composition in
an individual ZnO NW is verified through Energy-dispersive X-ray spectroscopy (EDS) [Make: Zeiss,
Model: Sigmal| as shown in Figure [5.3|(c). It is confirmed that ZnO SNW is a single-crystalline mate-
rial with (100) being the dominant crystal plane as per the Selected area electron-diffraction (SAED)
pattern shown in Figure[5.3(d). The ZnO SNW has hexagonal wurtzite structure and (100), (002) and

(101) lattice planes |96}/112].
5.3.2 Electrical Characterization for printed Schottky diodes

The initial level electrical characterization of the Schottky diodes has been performed with the help
of Keithley 4200A-SCS Parametric Analyzer and DC probe station [Make: EverBeing, Model: BD6].
However, it is observed that a slight disturbance in the probe tip contact, can result into shifts in I-V
curves [36]. Therefore, to avoid such issues, the Schottky diode with printed AgNP contact pads is
extended and connected to copper tape (Cu-tape) pasted on the same SiO2/Si substrate as shown in
Figure [p.4[a-d). The overall device is connected to Parametric Analyzer with the help of low-noise
coaxial cables and crocodile clips as shown in Figure |5.4(e). Figure [5.5(a) shows the FESEM image

of the fabricated Schottky diode structure with printed AgNP contact pads, ZnO SNW channel and
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Fig. 5.4: Schematic showing complete flow of device fabrication process and electrical characterization set-
up.(a) ZnO NWD drop-casting (b) AgNP CP formation on both sides of selected SNW using MCP techniques (c)
Cu-tape attachment on substrate (d) Cu-tape connected to device metal CP (e) Device connected to parametric
analyzer. NWD: Nanowire dispersion, CP: Contact pad

Cu-tape connections. Figure[5.5(b) shows the magnified FESEM image of ZnO SNW channel of length
near 5 um and diameter (width) ~ 350 nm with DIPSOP printed AgNP contacts overlapped with both
sides of ZnO SNW channel.

The I-V characteristics shown in Figure [5.6(a) depict the behaviour of back-to-back Schottky-
contact devices ,. The experimental results have been verified by using thermionic
emission diode current model represented as

—4¢pp,N  —4Vp,N

Isppn = SA*T?e™ +1 [ »T  —1] (5.1)

where, Isppn is the diode current, ¢ppn is the Schottky barrier height for positive and negative
voltage sweep, S is the Schottky contact area (1 pm length x 400 nm width), A* is the effective
Richardson constant (8.6 A cm~2 K~=2), q is the elementary charge, k is the Boltzmann’s constant, T
is the absolute temperature (300 K), Vp x is the positive and negative voltage sweep, 7 is the ideality
factor which is extracted as the slope of linear region of In(I)-V plots for Vp y > 3kT as shown in

Figure b). Using the Cheung and Cheung method [117], the Ry, series resistance of the printed
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Fig. 5.5: (a) FESEM image of a representative complete Schottky diode with ZnO SNW channel, scale: 100
um (b) Magnified FESEM image of the channel region with AgNP printed pads. L, D: Length, Diameter of
ZnO SNW

Schottky diodes, for positive or negative applied bias, can be obtained as the slope of a linear portion

of dV/dIn(I) versus I (Figure a)) with nkT/q as the intercept as shown below

av nkT
d(h’l]) = T + ISDPRsp (52)

The 71 obtained from the above equation is used to determine the diode barrier height with the help of
following equation 117|118}

nkT u Ispp,N
SA*T?

Hpn(I) =VpN — =n¢BpN + Ispp,NRspn (5.3)

where, n¢pp,n is the intercept of the above equation and Rgy, 5, is the slope of this line (Figure (a)).
The values of Ry, , extracted from H(I)-I plot can be used to verify the same extracted from dv/dIn(I)-I

plot and can be used to model the Schottky barrier height as follows:

kKT . SA*T?R,,,
¢ppN = —In —_ hn
q Ve N

Figure [5.7[(b) shows the I-V curves for another printed diode (D4) for multiple runs to verify the
repeatability of the proposed fabrication process. It is observed that I-V characteristics are consistent
in each run which validates the repeatability of the printing process. Table summaries the electrical
parameters of three representative Schottky diodes (out of 20 printed devices) extracted using different
methods. Table shows the device count in the bracket given beside each electrical parameter for

TH-2495 146102016

69



5. ZnO Single Nanowire Based Printed-Schottky Diodes

" 14E-6 +
1557 i, M 12E-6|
—~ (8
S ™ /', < 10E-61
= N EXP (D1) =
o &7 Y. Model (D1) c 8E6r
= o s D1,n=240
S g8l | -_EXP(D2) .M
@) + Model (D2) 6E-61 e D2,11=2.30
__ EXP (D3) D3, n = 2.37
1E-9t - Model (D3) ; L sPenTe
: ' ' ' ' 4 0.5 0.6 0.7
-1.0 -05 00 05 1.0 0
Voltage (V) Voltage (V)
(a) (b)

Fig. 5.6: (a) Semi-logarithmic I-V characteristics for three representative printed BBSDs along with model
results (b) The In(I)-V plots of printed diodes with straight lines as linear fit to the experimental data
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Fig. 5.7: (a) The dV/dIn(I) vs. T and H(I) vs. I plots of printed diodes. Straight lines are linear fit to the
experimental data (b) I-V curves under repeatable runs for D4

all the fabricated devices. It is observed in Table [5.2] that the electrical parameters extracted from the
[-V characteristics of MCP based Schottky diodes are comparable to those reported earlier. Further,
the barrier height of ~ 0.17 €V, obtained for device D1 and D2 are in good match with the barrier
height of ~ 0.16 eV reported by Schottky-Mott model for Ag Schottky diodes [119]. These are not the
best reported parameters as far as Schottky diodes are concerned, but this indicates the capability and
applicability of MCP technology for the fabrication of electronic devices. However, MCP technology

is in its emerging phase and needs further optimisation to improve the electrical parameters of the
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Table 5.2: Electrical parameters for the micro-cantilever printed-Schottky diodes

Device . ‘ Rontz | Rop2 oBN | dBP Lo/T -ve Turn-ON | 4+ve Turn-ON Applied Measured
n, 12 (eV) | (eV) | /™I | yoltage (mV) | voltage (mV) | Voltage (V) Current
(k) (k)
D1 24,24 | NA, 180 | 38, 39 0.17 | 0.22 5326 50 50 +1 -6.4 to 18 pA
D2 2.3, 2.1 NA, 140 | 34, 42 0.2 0.21 2492 100 100 +1 -8.2 to 16 pA
D3 2.37,2.54 | NA, 107 | 30, 36 0.23 | 0.24 5041 50 50 +1 -8 to 21 pA
T qu7] [ 202,27 [NA,NA| 270,NA | NA | 0.69 | 6.6 x 107 NA 75 1 ~0.25 uA
7|118: 2,28 NA, NA | 0.008, 0.006 | NA | 0.54 NA NA NA +1 0.005 to 0.05 A
T [119] | 12,NA | NA,NA % NA | 0.78 10° NA NA 1 202 uA
|115] 1.009, NA | NA, NA NA, NA 0.42 | 041 NA NA NA + 10 + 20 pA

M Hl(V)-I, dV/dIn(I)-I; Ren1,2 (Rep1,2): Series resistance for negative (positive) voltage sweep from dV /In(I)-I, H(I)-I;
¢BN (¢pp): Barrier height for negative (positive) voltage sweep

Table 5.3: Distribution of all fabricated devices based on different electrical parameters

Channel
Length m (QS?/—P) (1:1{(?;2) Ion/Ioff J(Ak:E;z];){
(pm) ©
Sub-10 (12) <2 (1) 0.2 -0.25 (17) <40 (9) <4000 (2) <130 (12)
10-15(5) | 2- 2.5 (14) >0.25 (3) 40 - 50 (10) | 4000 - 10000 (13) | 130 - 300 (5)
15-20 (3) | 2.5-3(3) >50 (1) >10000 (5) >300 (3)
>3 (2)

printed devices.

Figure [5.8|(a) shows the electrical behaviour of the D2 (as an representative) under two different
polarity bias conditions where in first case, the voltage is swept from + 5 V (Run 1) and then polarity
is interchanged between the two contact pads and the voltage is swept from + 5 V again (Run 2). It is
observed that current behaviour and I, /Iof¢ ratio remains same in both runs which implies that the
MCP technology is able to print metal contacts with uniform thickness and similar interface properties
along the both ends of ZnO SNW channel. Figure [5.8(b) shows the I-V characteristics of D2 after
6 months which shows that the printed diodes are electrically stable and maintain the back-to-back
Schottky behaviour. This in turn also implies that the printed metal contacts are also stable during

this observation time with a slight (~ half-order) drop in the current density of the diode.

5.4 7ZnO SNW Schottky diode-based gas sensors
5.4.1 Introduction

Many reports describe the usage of ZnO SNWs for the fabrication of Schottky diodes [19,108]. These

reports focus on various aspects related to the device-physics such as modes of electronic transport, the
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Fig. 5.8: (a) I-V response analysis under interchanged polarity bias conditions for D2 (b) I-V curve based
comparison of D2 at initial stage and after 6 months of fabrication
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Fig. 5.9: Schematic diagram of Schottky diode based on (a) Unmodified ZnO (U-ZnO) SNW with side-wise
deposited AgNP thin layer (b) Modified ZnO (M-ZnO) SNW. L: Channel Length, W: Channel Width or NW
diameter.

on-off current ratio, metal-semiconductor interface analysis, resistive switching behaviour of ZnO SNW
based-diodes etc. [102,120}/121]|. However, there are only a few reports about the usage of ZnO SNW
based Schottky diodes for gas sensing applications. Lupan et al. have investigated the performance of
single and multiple ZnO nanowire functionalized with Au nanoparticles for Hy sensing [122]. Cardoza
et al. have presented ZnO SNWs based gas sensors to detect low concentrations of hydrogen [123|. Rui

et al. have shown excellent sensitivity and fast recovery time for Ammonia detection through resistive

TH-2495_146102016

72



5.4 ZnO SN'W Schottky diode-based gas sensors

¢ DIPSOP Printed >
N AsiP CP ™ - R : (b)
: : e - Side-wise deposited
- S AgNP thin layer
SDP-SP Printed
~ AgNPCP

.

»*

-
U-ZnO SNW :
i channel ' f?ﬂ ~ 200 nm
U-ZnOSNW : \ Al
channel - e
L~ 6pum 5
SDP-SP Printed . ; .
AgNP CP Side-wise deposited
3 AgNP thin layer

Dispersed U-ZnO SNWs SiO,/Si

Fig. 5.10: (a) FESEM image of complete device with U-ZnO SNW channel shown in inset (e,f) Magnified
FESEM image of U-ZnO SNW channel with side-wise deposited AgNP layer. CP: Contact pad

switching of ZnO nanowire . Multiple ZnO nanowires based resistive devices have been used to
detect CO2 and CO . There are reports for NOg detection at 1 ppm using functionalized ZnO
nanowires . Hong et al. have reported the fabrication of Schottky diodes based on comb-like
ZnO nanostructures for CO sensing at RT [86]. Chen et al. have used facile hydrothermal route to
grow ZnO nanowires to detect NOg in the range of 1-30 ppm at 250°C . However, ZnO SNW
based Schottky diodes have not been reported so far the detection of COy or CO.

Schottky-contact based sensors have been reported to show a higher response (~ 4 times) than
Ohmic-contacted sensors for CO detection at 275°C . Hu et al. have also stated that the Schottky
barrier at the contact area plays a key role in sensor response to the adsorbed gas molecules [108].
However, proper placement of metal contact pads to connect the ZnO SNW involves costly equipment
and silicon microfabrication technologies like electron-beam lithography, thermal evaporation and so
on.

In this work, ZnO SNW based Schottky diodes are fabricated by placing ZnO SNWs on a clean
Si04/Si substrate by dispersion drop-casting technique and AgNP contact pads have been fabricated
with micro-cantilever printing technology which is simple, rapid and cost-effective . Figure
shows the conceptual schematic diagram of the proposed device. It is shown in this work, that ZnO
SNW based Schottky diodes can sense COs and CO at RT with higher sensitivity and a low response
time. To the best of our knowledge, there are no reports on the fabrication of ZnO SNW based
Schottky diodes using dispersion-processed and micro-cantilever printing techniques for detection of

air pollutants at RT.

TH-2495_146102016

73



5. ZnO Single Nanowire Based Printed-Schottky Diodes

5.5 Materials and Methods

5.5.1 Fabrication of ZnO SNW Schottky diode using DI water as dispersion
medium

ZnO Nanowire powder and AgNP ink are procured from Sigma Aldrich (Product Id: 773999,
736481). The specified average length and diameter of the as-purchased ZnO nanowire is 1 ym and
90 nm respectively. The AgNP ink is 30-35 wt.% dispersion of silver nanoparticles in triethylene
glycol monoethyl ether. 3 mg of as purchased ZnO nanowire powder is added to 1 mL of DI water
having a resistivity of 18.2 M-cm. 5 upL from the prepared ZnO nanowire dispersion is drop-casted
over a clean SiOy/Si substrate at a temperature near 180-190°C for proper dissemination of SNWs.
Printing experiments are performed using a thermally grown silicon dioxide micro-cantilever as surface
patterning tool [36,/130]. The micro-cantilever tip is deliberately dipped in a local ink reservoir and
dragged to a longer length (~1000 pm) separating a small volume of ink from the source. The separated
volume of the ink is uniformly distributed over the dragged area when the tip is lifted up gradually.
This technique of printing is referred to as surface patterning tool drag printing assisted self-printing
(SDP-SP) [131]. The micro-cantilever is made to gently touch the upper periphery of the local ink
reservoir to draw some ink into its channels and readily print the microspots by ultrafine positioning
to reinforce the metal-nanowire interface. This technique of printing is referred to as dip-ink printing
with spot overwrite printing (DIPSOP) [364|131]

Figure [B.2(a) shows the Field Emission Scanning Electron Microscope (FESEM)(Make: JEOL,
Model: JSM-7610F) image of the complete device with printed AgNP contact pads with ZnO SNW
channel of length near 6 pm and 200 nm with a thin discontinuous layer of AgNP deposited along
the sides of ZnO SNW channel due to solvophilic response of ZnO SNW towards AgNP, as shown in
Figure (b) The typical diameter of a DIPSOP microspot is ~ 5-10 pum and it is ensured that
1-2 pm of the peripheral region of the microspot touches the end of the ZnO SNW by targeting a
proper hit region [131]. However, the non-uniformity of the substrate and the distance from which
the micro-cantilever hits the substrate may result in misaligned printing and over-spread on the ink
respectively, which can shift the periphery of the microspot AX pm further over the ZnO SNW, as
shown in Figure [5.11] This increases the risk of short-circuit between metal pads if the length of
ZnO SNW is < 10 pm. Therefore, a ZnO SNW with length > 10 pm ensures that there is no short-

circuit between the metal pads in case of such variabilities. Table presents a comparative analysis
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Fig. 5.11: Schematic showing (a) short-circuiting for ZnO SNW with L < 10 um (b) the prevention of short-

circuiting by ZnO SNW with L > 10 pum, in case of misaligned printing.

M-ZnO SNWs

)

M- ZnO SNWSs

Fig. 5.12: Effect of acetic acid and SDS on morphology of M-ZnO SNWs (a) FESEM image showing cluster of
M-ZnO SNWs of length > 10 ym and width varying in range of ~ 90 nm to 400 nm (b) FESEM image showing

well separated M-ZnO SNWs

between different print set-ups and ZnO SNW dimensions to show the benefits of L. > 10 pm. The

size and morphology of the SNWs dispersed in DI water is not modified. Hence, these are referred to

as unmodified ZnO single nanowire (U-ZnO SNW).

5.5.2 Fabrication of ZnO SNW Schottky diode using SDS and acetic acid added
DI water as dispersion medium

This section details the synthesis of ZnO SNWs with length > 10 pum for the fabrication of Schottky
diodes. With the inputs from the previous reports [94,/95,[1321134], 1 mg of SDS is added in 5 mL of

DI water to lower down the surface tension of the solution to better disperse the clusters into smaller
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Table 5.4: Comparative analysis between different print set-ups and ZnO SNW dimensions

Plstance .between D.IPSOP 7n0 SN'W 7n0 SN'W
micro-cantilever and Microspot (L < 10 um) (L > 10 um)
the substrate Diameter(pm) H .
High chance of Verv 1 L
30 pum (Hard Hit) ~10 pm short-circuit (SC) Ly Iess chance
A of SC
and ink over-spread
. Less chance of SC, No SC,
40 pim (Moderate Hit) | Between 5-10 um Optimized ink spread | Optimized ink spread
50 pm (Soft Hit) ~5 pm Less chance of SC No SC

aggregates of nanowires. Further, 1.2 mL of this solution is taken out separately, and 2 mg of ZnO
nanowire powder is dispersed in it. This ZnO nanowire dispersion is treated with Vortex generator for
proper mixing. 2 pL of this dispersion is added with the same amount of acetic acid and drop-casted
on the SiO2/Si substrate.

It is observed that the addition of acetic acid with the dispersion in equal proportion can separate
the ZnO SNWs significantly and form longer (> 10 pm) ZnO SNWs, as shown in Figure [C.2(a).
The addition of acetic acid to the dispersion causes the following reaction sequence: (a) the acid
partially dissolves the ZnO nanowires, and thus the droplet on the surface has Zn?* ions as well as
OH™ ions. Smaller nanowires in the dispersion would tend to dissolve faster (b) as the drop-cast
solution is heated, the remaining larger nanowires act as seeding surfaces, and ZnO regrows. This
enlarges the diameter and the length of the original nanowires. This process is known as dissolution-
regrowth, and is limited by volume diffusion and solvent evaporation kinetics [135|136]. Further,
the size and orientation of the re-grown nanowire assemblies depends upon the concentration of the
SDS. The addition of a higher concentration of acetic acid to dispersion (in 3:1 ratio) results in an
enhanced separation between the ZnO SNWs as shown in Figure [C.2(b). However, further addition
of a higher concentration of acetic acid results in the complete or partial dissolution of ZnO SNWs in
the acid. The SNWs synthesized using 3:1 ratio of acetic acid to ZnO nanowire dispersion convert into
ZnO micro-particles when heated at higher temperatures, near 250 °C. This shows that ZnO SNWs
synthesized using a higher concentration of acetic acid are not thermally stable and hence not suitable
for sensing applications at higher temperatures. Therefore, mixing of acetic acid with the dispersion
in 1:1 proportion is considered as the optimized concentration to fabricate ZnO SNW based devices

for gas sensing applications. Since SDS and acetic acid modify the size and morphology of these ZnO
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Fig. 5.13: (a) FESEM image of M-ZnO SNW channel based diode (b) Magnified FESEM image of (a) showing
effective channel length Lc¢s as 800 nm.

SNWs, these are referred to as modified ZnO single-nanowires (M-ZnO SNWs).

Figure (a) shows the FESEM image of M-ZnO SNW based diode and Figure (b) shows
the magnified image of (a). It is observed in Figure[5.13|(b) that AgNP ink spreads over the entire ZnO
SNW surface from its both ends after DIPSOP is performed. This indicates that solvophilic response
of ZnO SNW to AgNP ink increases after acetic acid and SDS treatment. The ink-spread happening
at the time of DIPSOP also reduces the effective length of the NW channel from ~ 14 pym effectively
to ~ 800 nm (17.5 times), as shown in Figure [5.13|(b). But the shorting of two contact pads is avoided
due to longer SNW. Such a fabrication process is scalable as this self-assembly based metal deposition
is controlled by optimizing the chemical and physical properties of the metal ink, proper placement of
the DIPSOP spots at the metal-SNW interface after analysing the ink-diffusion rate through the ZnO
SNW channel.

5.5.3 Sensor preparation and gas sensing conditions

The sensor fabrication process and gas sensing set-up is same as described in our previous papers
[112,/137]. The gas sensing chamber is pressurised to atmospheric pressure maintaining the relative

humidity (RH) below 1 % at RT for each cycle of sensing.

5.6 Results and Discussion

5.6.1 Characterization of ZnO SNW

Figure shows the X-ray Diffraction (XRD) [Make: Rigaku, Model: Micromax-007HF| spectra

of ZnO SNWs in three different dispersion media. Three major peaks are observed for 20 value of 31.8°,
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Fig. 5.14: XRD spectra for ZnO nanowires dispersed in various media

Fig. 5.15: (a) FETEM image of a ZnO SNW (b, ¢) FETEM images showing lattice planes and d-spacing of
0.28 nm corresponding to (100) plane

34.44° and 36.26° for ZnO SNWs dispersed in DI water which corresponds to ZnO hexagonal wurtzite

structure and (100), (002) and (101) lattice planes respectively, according to the JCPDS database

(36-1451) . Similarly, the major peaks observed for ZnO SNWs dispersed in (DI water+ SDS)
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Fig. 5.16: (a) AER variation with CO5 concentration and response of U-ZnO SNW diode-based sensor for lower
concentration range of COy (b) AER variation with CO concentration and response of U-ZnO SNW diode-based
CO sensor (c) I-V response of U-ZnO SNW (d) AER variation with CO4 concentration and response of U-ZnO
SNW diode-based sensor for higher concentration range of CO3 (¢) AER variation with CO3 concentration and
response of M-ZnO SNW diode-based COq sensor (f) AER variation with CO concentration and response of
M-ZnO SNW diode-based CO sensor

and (DI water + SDS + Acetic acid) also correspond to ZnO hexagonal wurtzite structure. However,
the absence of some of the peaks and decrease in the signal intensity hints towards treatment of ZnO
SNWs with SDS, which may increase the active sites for analyte gas adsorption to improve the sensor
response [132]. The peak broadening observed due to acetic acid reduces the crystallite size resulting
in the increase of surface defects and produces non-uniform lattice strain in ZnO SNW.

Field Emission Transmission Electron Microscope (FETEM) [Make: JEOL, Model-2100F]| images
are taken for ZnO SNW dispersed in DI water. Figure (a) shows FETEM image of a ZnO SNW
having a diameter of ~ 90 nm and length ~ 1 um. Further, the spacing between two lattice planes (d-
spacing) of 0.28 nm was measured form FETEM image as shown in Figure (b,c) which corresponds
to (100) plane as per the JCPDS database (36-1451) [96].

The fabricated Schottky diodes are electrically characterized using Keithley 4200A-SCS parametric

analyzer to verify their functionality [131].
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Fig. 5.17: (a)Approximated transient response of M-ZnO SNW diode-based CO sensor at RT (b) log S vs log
C plots and their linear fit. U-ZnO SNW based diode current (¢) under varying humidity (d) under varying
temperature. M-ZnO SNW based diode current (e) under varying humidity (f) under varying temperature

5.6.2 Sensing response of U-ZnO SNW Schottky diode based sensor

Figure a) shows the response curve of U-ZnO SNW based sensor for COq for lower concen-
tration range from 500 ppb to 43 ppm. A decreasing trend of average electrical resistance (AER)
with COg concentration is observed, which is in-line with previous reports [105,|138]. The gas sensor

response, R, is represented as
_ Ry — Ra|

R
R,

x 100% (5.5)

where R, represents the AER for analyte gas for a particular concentration and R, represents the
baseline resistance of the device [112]. The baseline resistance, Ry, is the average electrical resistance
of the sensor when the gas-sensing chamber is pressurized to atmospheric pressure using the base
(carrier) base No. Figure [5.16(b) shows that AER decreases with an increase in CO concentration for
U-ZnO SNW based sensor, which is in-line with published reports [86.,(91].

To observe the effect of Og present in the air on the response of our fabricated sensor, we pressurized
the gas sensing chamber with 10% Os. In the presence of 10% Os, the sensitivity increases from 0.11

% /ppm to 0.32 % /ppm for U-ZnO SNW based CO sensor. The probable reasons for the increase in
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this sensitivity can be the augmented chemisorption rate of O, on the ZnO nanowire surface due to
the presence of a larger number of oxygen molecules, which enhances the charge transfer rate between
the nanowire surface and CO. Despite the improvement in the sensitivity, it is observed that selectivity
of this sensor is suppressed in presence of 10% Os as the response of this sensor drops down from 11
% to 8.1 % for 0.2 ppm CO. Therefore, it can be concluded that the cross-sensitivity of the fabricated
sensors is affected in the atmospheric air, which can be optimized for practical applications.

Figure [5.16c) shows the I-V response of U-ZnO SNW based sensor and Figure [5.16d) shows the
AER variation and response of U-ZnO SNW based sensor for a higher concentration range of COq
from 50 ppm to 500 ppm. The decreasing AER trend as observed in the case of detection of lower COq

concentrations is also observed for higher COs concentrations.
5.6.3 Sensing response of M-ZnO SNW Schottky diode based sensor

The M-ZnO SNW Schottky diode based sensor response towards COy and CO is shown in Fig-
ure [5.16{e and f). Figure e) shows that AER increases with an increase in the concentration of
CO; using a M-ZnO SNW based sensor. A similar trend is reported in [92]. Figure [5.16{f) shows an
increasing trend of AER with CO concentration for M-ZnO SNW based sensor similar to [139,{140].
The Figure [5.17((a) shows a representative transient response of this sensor for CO detection from 2.5
ppm to 4 ppm range. The Gas IN phase starts when the gas sensing chamber is pressurized to the
atmospheric pressure with carrier and analyte gas and Gas OUT phase starts when the flow of the
analyte gas is stopped |112]. This sensor shows a response time of 20-60 s and a recovery time of ~ 5
minutes.

The response of sensors in the presence of different kinds of volatile organic compounds (VOCs) such
as ethanol (CoH;OH), IPA (C3HgO), and Acetone (C3HgO) has also been analysed. It is found that
SDS treatment makes M-ZnO SNW based sensor more selective towards air pollutants as compared to
U-ZnO SNW based sensor as shown in the Table[5.6l The sensors also show stable electrical behaviour

over a period of more than 1 year as there is a slight shift in their average electrical resistance.
5.6.4 Sensitivity calculation

The response (%) holds an empirical relationship with analyte gas concentration (C) given as |139)]
R=ACY (5.6)
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Table 5.5: Comparison of response of U-ZnO SNW and M-ZnO SNW based sensor upon exposure to different
kinds of gases and VOCs at Room Temperature

U-ZnO SNW based sensor M-7ZnO SNW based sensor

Analyte Gas . Response | Analyte Gas . Response
Concentration Concentration
Gas (%) Gas (%)
(ppm) (ppm)

COq 43 15.2 COq 10 91

C3HgO 100 12 CO 9 43

CO 0.2 11 NO, 10 17.8

NOs 10 10.6 C3HgO 100 9.6

CoH50H 100 9 CoH50H 100 8.7

C3HgO 100 3.7 C3HgO 100 4.7

Table 5.6: Long-term electrical stability of the sensors

U-ZnO SNW based sensor M-ZnO SNW based sensor
Voltage and Average Voltage and Average
Measurement Current Range | Resistance (kQ2) Measurement Current Range) | Resistance(MQ)
N 1V, N 15V,
Initial 169 nA-20 jA 137 Initial 5 nA-14 pA 20
After (6-10) V, 144 After 15V, ol 5
12 Months (33-85) pA 12 Months -2.5 nA-19 pA '

where, A is a constant and AAYSaAZ gives the sensitivity of the sensor. Therefore, in accordance
with Eqn we have plotted log R (%) vs log C (ppm) which yields a straight line as shown in
Figure [5.17](b).
fabricated sensors. The U-ZnO SNW based sensors show a sensitivity of 0.14 %/ppm, 0.34 % /ppm

The slope of linear fit of this straight line gives the sensitivity in %/ppm of the

and 0.11 %/ppm for CO3 low range, CO2 high range and CO respectively. The M-ZnO SNW based
sensors show a sensitivity of 0.19 % /ppm and 0.28 % /ppm COs and CO respectively.

One of the reasons for high sensitivity shown by U-ZnO SNW based sensors for COy can be the
presence of side-wise deposited AgNP layer, that initially dissociates more of oxygen molecules to O
which are chemisorbed on the ZnO SNW surface at RT [91,|138]. These oxygen ions interact with
the analyte gas molecule and a higher electron transfer takes place in the ZnO SN'Ws resulting in an
enhanced sensitivity. While the SDS treated M-ZnO SNW enabling interaction with CO molecules
over a larger surface area can be possible reason for their higher sensitivity towards CO as compared

to U-ZnO SNW based sensors.
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Table 5.7: Comparison of U-ZnO SNW and M-ZnO SNW-AgNP based gas sensors with other reported sensors

Analyte | Temperature | Gas conc. | Sensitivity

Material Device Gas ¢C) (ppm) (%/ppm) tres tree Year Rcf.i
50% La-loaded ZnO Resistor CO, 400 5000 0.0035 90 s 38's 2016 141
Sn0,aASLaOCl Resistor CO» 400 500-4000 0.0005 3-20 s 4-19 s 2012 142
GagO3 MNW Resistor CcO 150 10-200 1 5s 10 s 2014 143
ZnO MNW-VN Resistor CO 250 200 0.465 1s 2 ms 2016 187
7ZnO Nanoflakes Resistor CO» 250 200-1025 0.1125 ~9-17s ~9-17s 2019 105
CuO-ZnO film Resistor CO 325 10-500 0.6 ~ 66 s ~33ls 2017 139
ZnO SNW Schottky Diode Hy RT 500-2000 0.017 558 120 s 2019 144
ZnO MNW Resistor CcO RT 100-1000 0.02 ~5s < 2 min 2017 lon]
U-ZnO SNW Schottky Diode | CO, RT 0.5-43 0.14 ~510s | ~5min | 2020 | this work
U-ZnO SNW Schottky Diode COy RT 50-500 0.34 ~5-10s | ~ 5-10 min | 2020 | this work
U-ZnO SNW Schottky Diode CcO RT 0.01-0.2 0.11 ~5-10s ~ 2-4 min | 2020 | this work
M-ZnO SNW Schottky Diode COq RT 0.5-10 0.19 ~ 2-3 min. | ~ 10 min. | 2020 | this work
M-ZnO SNW Schottky Diode CO RT 2.5-9 0.28 ~ 20-60 s ~ 5 min 2020 | this work

MNW: Multiple nanowires, VN: Vertical network,

5.6.5 Effect of humidity and high temperature

The performance of both types of sensors is tested in varying RH and high-temperature conditions.
A tightly closed chamber is heated to 50 °C to stabilize the RH at 15 %. DI water is flown into the
chamber at a controlled rate to attain higher RH levels, maintaining the temperature constant at 50
°C [137). Figure [5.17(c) shows that U-ZnO SNW based sensors show a stable performance in the RH
range of (15-70) % after which there is a sharp increase in the sensor current most probably due to the
presence of a large number of water molecules on the ZnO SNW surface [137]. The sensors performance
is measured under higher temperatures by heating the chamber to 70 °C and maintaining the RH level
within 50 £ 5 % with the help of a controlled flow of DI water. It is difficult to maintain the desired
RH level when chamber temperature is increased above 70 °C with the existing instrumental set-up.
Figure (d) shows an increase in U-ZnO SNW based sensor current with increasing temperature
(a negative temperature coefficient behaviour) which validates the semi-conducting nature of the ZnO
SNW channel. Similarly, Figure [5.17(e) shows that M-ZnO SNW based sensor is also stable within

an RH range of (15-75) % and shows an negative temperature coefficient behaviour as observed in
Figure [5.17|(f).
5.6.6 Gas sensing mechanism for U-ZnO SNW based sensor

The COy gas molecules interact with oxygen ions at the lattice sites of ZnO (O,%) to form a
meta-stable compound (COs), which lasts for a very short time, along with neutral oxygen vacancies
(V,X). The neutral oxygen vacancies ionize and transfer electrons back to the conduction band of the

nanowire and hence, AER decreases. The reaction mechanism is presented as follows |13§]

COs(ads) + OX & COs(gas) + VX (5.7)
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VX oV te (5.8)

where V,°* is ionized oxygen vacancy.
It is observed that AER decreases with CO concentration which indicates that CO reacts with the
adsorbed oxygen ions (O3 ) on the nanowire surface and donates electrons to the conduction band of

ZnO nanowire acting as a reducing agent [87}/145|.
5.6.7 Gas sensing mechanism for M-ZnO SNW based sensor

The CO2 gas molecules interact with adsorbed oxygen ions O; and extracts the electrons from
the conduction band of the nanowire, which results in a decrease of electron density at the nanowire
surface and AER increases. Therefore, CO4 acts as an oxidising gas for M-ZnO SNW based sensor. A

brief reaction mechanism is mentioned below [92]
COz2+ e~ = CO2™ (adsorbed) (5.9)

Figure [5.16(f) and Figure [5.17(a) show that AER increases with CO concentration similar to
previous reports [139,140]. The major factors that have affected the change in gas sensing mechanism
are the treatment of M-ZnO SNW surface with SDS and the larger size of M-ZnO SNW, which affects
the surface area to volume ratio. The sensing mechanism is also affected by the reduction of the
crystallite size of SNW due to addition of acetic acid in the nanowire dispersion, which can increase

the number of surface defects.
5.6.8 Room temperature sensing

The Schottky barrier height and Schottky contact area play a key role in RT gas sensing [108].
Since the contact area of ZnO SNW to the AgNP printed pads are very small, even a small amount of
gas adsorption can influence the Schottky barrier height significantly which in turn results in a large
variation in diode current passing through the ZnO SNW-AgNP interface. This eventually makes the
sensors based on ZnO SNW Schottky diodes highly sensitive to the smaller concentration of analyte
gases even at RT. Further, the high surface-to-volume ratio of SNW and presence of a higher number
of defects such as oxygen vacancies on the surface of ZnO SNW may help to boost the RT detection
of these gases by increasing their adsorption rate on the SNW surface resulting in a large charge
transfer [146,147].

Table shows sensitivity, response and recovery time for all the cases discussed in this work
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along with a comparison of this work with other reported literature. It is observed from Table [7.2] that

sensing performance of fabricated sensors is comparable to the previously reported sensors.

5.7 Summary

This first part of this chapter focuses on the development of a novel fabrication technique for ZnO
SNW based Schottky diodes by depositing AgNP contact pads via micro-cantilever based printing
technology which is reproducible, highly controlled, low-cost and fast. Schottky diodes with ZnO SNW
with length in range of ~ 1-5 ym and diameter in the range of ~ 90-250 nm have been fabricated.
The typical ideality factor ~ 2.4 is obtained among our fabricated devices which are comparable to
the published results with an average barrier height of 0.18 eV and 0.21 eV for negative and positive
voltage bias respectively which is in close proximity to what is predicted by Schottky-Mott model for
Ag based Schottky diodes. The obtained series resistance is in range of 30-180 k2. The printed diodes
also exhibit a fast turn-ON voltage of 50 mV and a higher I, /I, ratio ~ 103-10%. The printed diodes
are found to be electrically stable even after 12 months.

The second part of this chapter focuses on the usage of ZnO SNW Schottky diodes for the de-
velopment of low-cost and rapidly fabricable gas sensors capable of detecting harmful air pollutants
at RT. Two variants of ZnO SNW based Schottky diodes have been fabricated using micro-cantilever
based printing and dispersion-processed techniques. Longer SNWs have been formed by adding the
optimal concentration of SDS and acidic acid in ZnO SNW dispersion in DI water which helps to make
the sensor fabrication process reproducible and scalable. U-ZnO SNW based sensor can sense COs in
the range of 500 ppb to 500 ppm. While the detection of COg in ppm range is useful for air quality
measurements, the ppb range detection of COs indicates the detection limit of the device that can
be useful in space applications and closed arena like coal-mines. U-ZnO SNW based sensors show a
higher sensitivity of 0.34 % /ppm for COy while M-ZnO SNW based sensors show a higher sensitivity of
0.28 %/ppm for CO. It is found that SDS treatment makes M-ZnO SNW based sensor more selective
towards COs and CO as compared to U-ZnO SNW based sensors. Schottky barrier height variation
on gas adsorption, high surface-to-volume ratio and presence of a large number of surface defects in

ZnO SNWs are expected to be primary reasons for making sensing feasible at RT.
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6. ZnO Nanowire(s) Based Printed Field-Effect Transistors

6.1 Introduction

This chapter describes the fabrication of ZnO NW(s) based back-gated field-effect transistors and
an analytical model to analyse and understand the mechanism of current transport in these transistors.
The fabrication of back-gated FETs is achieved using ZnO NWM and ZnO SNW as channel mate-
rial with MCP-printed AgNP contact pads as source and drain. The back-to-back Schottky diodes,
fabricated in previous chapters, using ZnO NWM and ZnO SNW, are further modified to field-effect
transistors by etching the native or grown layer of SiOs at the back side of the SiOs/Si substrate
using buffered HF (BHF). Therefore, these FETs are referred to as Schottky barrier FETs (SBFETS).
After etching the back side oxide layer, AgNP ink has been drop-casted over the entire etched region
and properly annealed to act as the gate-contact. The conceptual diagram of the fabricated FET is
shown in Figure The purpose of AgNP layer deposition at the back side of the substrate is to
avoid any formation of possible Schottky-contact formation between the probing metal and the doped
silicon substrate. Moreover, the drop-casted AgNP layer is expected to have less surface roughness as
compared to the etched-out silicon surface which avoids any issues pertaining to contact resistance.
The substrate used for FET fabrication is phosphorous doped (n-type) having a resistivity of 1-10
Q-cm corresponding to a doping density of ~ 5 x 10 to 5 x 10! at 300 K with (100) orientation.
The oxide thickness is 300 nm and total thickness of the substrate is 500 pm.

The motivation to fabricate printed-FET comes from the fact that the current flowing between
source and drain terminals can be controlled using back-gate terminal and further it can be biased in
different regions as per the demand of the application. FETs are known to have very high switching
speed which establishes them as the back-bone for the integrated circuits (ICs) development. In order
to develop MCP as potential technology for printing basic level circuits such as AND, OR gates,
memory circuits and so on, the development and performance analysis of printed FETS is required.
Moreover, in case of specific applications such as sensing, the printed-FETs are expected to improve the
sensitivity and response of the sensors based on the shift in the threshold voltage after the introduction
of the analyte [148|. Hence, FET-based sensors can be preferred option for cross-reactive gas sensing

experiments [149).
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Fig. 6.2: IV characteristics of ZnO NWM-SBFET (a) Output characteristics (b) Transfer characteristics

6.2 Electrical characterization of ZnO NWM-SBFET

The fabricated ZnO NWM-SBFETs are electrically characterized with the help of Keithley 4200A-
SCS Parametric analyzer and low-noise cables with crocodile-clip end as reported in the previous
chapters. Figure a) represents the output characteristics of ZnO NWM-SBFET for a drain voltage
(Vgs) range of = 10 V with gate voltage (V4s) varying from -4 V to 4 V. The exponential dependence
of current over drain voltage, as seen in Figure a) is probably due to the Schottky contact at the
source and drain junctions. Figure b) shows the transfer curves for this SBFET for Vg4 of 2 V and
4 V. Both the I-V characteristics support the n-type semiconducting behaviour of ZnO NWM channel

with a Io,/Ioff ratio in order of 103. The n-type behaviour of the ZnO NW channel is also confirmed
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Fig. 6.3: I-V characteristics of ZnO SNW-SBFET (a) Output characteristics (b) Transfer characteristics

from the C-V characteristics measured for different frequencies as shown in Figure (a).

6.3 Electrical characterization of ZnO SNW-SBFET

Similar, to the previous subsection, this section presents a brief discussion on the electrical be-
haviour of ZnO SNW-SBFET. Figure a) shows the output characteristics for a Vg, sweep of £ 4
V for a V4 varying from -1 V to 1 V. Figure (b) shows the transfer characteristics for a V45 sweep
of £ 5V for Vgs of 1 V and 2 V. These I-V curves also support n-type behaviour of the ZnO NW
channel is also confirmed from the C-V characteristics as shown in Figure (b) However, a p-type
semiconducting behaviour is also observed in Figure (a) for negative sweep of drain voltage with
lower current density. The p-type conduction needs to be further validated. The possible reason can be
the p-type doping of ZnO SNW by Na present in the SDS of ZnO NW dispersion, at room temperature
as mentioned in Chapter 4 [107]. Also, to get a p-type ZnO NW is quite rare and p-type ZnO NWs
are relatively less stable. Therefore, dominant semiconducting behaviour of channel is considered as
n-type, in place of ambipolar transport, for this device.

The current density is decreased in the case of SNW-SBFET as compared to NWM-SBFET which
is expected due to the decrease in the aspect-ratio (Width of NW channel /Length of the NW channel)of
NW channel.
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Fig. 6.4: C-V characteristics of (a) ZnO NWM-SBFET (b) ZnO SNW-SBFET

6.4 7ZnO NWM-SBFETs as NO, sensor

The detection of NOy at room temperature is already reported by ZnO NWM based Schottky
diodes in chapter four of this thesis where the AER decreased with the gas concentration. The ZnO
NWM-SBFETs are also tested for NO5 sensing. The sensing experiment is performed by sweeping
the drain voltage from -5 V to 5 V with a step of 100 mV keeping gate voltage fixed as -2 V. The
NO; concentration is varied from 2 to 100 ppb. It is found in Figure [6.5(a) that AER decreases with
gas concentration in this case also which in a way validates the previous sensing results obtained with
ZnO NWM Schottky diodes. A highest sensitivity of 1.127 (%/ppb) (> 0.492 % /ppb of NWM diode)
was obtained from the slope of the response curve the SBFET based sensor for NOy concentration
range of 2 to 10 ppb as shown in Figure (b) This indicates that ZnO NWM-SBFET based NO,
sensor is more sensitive to smaller concentrations of NOgy as compared to ZNO NWM-Schottky diode
based sensor at room temperature, non-vacuum conditions. These sensors also have a fast response

and recovery time of ~ 30-60 seconds.
6.5 Modeling of ZnO NWFET drain current

ZnO nanowires are quasi-one dimensional nanostructures which have received remarkable attention
of researchers in past two decades due to their potential application in nanoscale device area such
as field-effect transistors (FET) based sensors, solar cells, transparent displays, photodetectors etc.

[150-152]. However, research related to the analytical modeling of electrical transport in 1-D nanowires,
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Fig. 6.5: AER variation and sensor response for ZnO NWM-SBFET based NOg sensor with varying gas
concentration from (a) 2 to 100 ppb (b) 2 to 10 ppb

surface and channel potential, mobility, charge carrier concentration and surface depletion mechanism
are still under exploration [153-158|. In this section a basic charge based modeling approach has been
acquired to capture and understand the mechanisms related to the current transport in the ZnO NW
channel by taking a n-type depletion model SNW MOSFET as an instance. The model approach
developed in this section can be used for other methods and variants of current transport after proper
modifications.

Since nanowires are 1-D nanostructures, standard equations which are used to model the solid-state
physics of 3-D bulk devices like Poisson’s equation, drift-diffusion equation, continuity equation need
to be modified and QCEs are required to be included to properly model the current of a NWFET.
In literature, there are reports available for NWFET current model but most of them use volume
charge carrier concentration to develop the model and lack discussion regarding inclusion of quantum
confinement effects. Yun et al. [159] have reported a compact analytical current model for a depletion
mode n-type ZnO NWFET with bottom-gate structure where they have included current conduction
mechanisms of NWFET operating under various bias conditions. Similarly, Soares et al. [160] have
presented a model focused for chemical sensing based on single tin oxide (SnO2) nanobelt FET. But,
both of the reports have used bulk charge density and ther is no discussion regarding QCEs in their
model. Anderi et al. [161] have reported current-voltage characteristics of single-nanobelt FET using

well calibrated drift-diffusion model utilising Fy/, integral. Andrew et al. [157] have reported an
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analytical model for surface depletion in GaAs nanowires where they have also used F/, integral to
calculate the electron density. Both of these reports do not discuss the relevance of using F' /5 integral
with respect to QCEs and none of all the above reports have utilized 1-D DOS for expressing electron
concentration inside 1-D nanowire channel.

In this section, surface potential and charge based based modeling approach has been used to
develop a model for current in ZnO NWFET. The quantum confinement effect has been embedded
in the model by deriving the charge carrier concentration in 1-D nanowire using 1-D DOS and F_
integral instead of Fj/, because electron density in 1-D nanowire is closely related to F_; /5 integral
rather than [/, integral [162]. In this way, we have determined the charge carrier concentration
per unit channel length of 1-D nanowire which has been used to express the surface depletion depth,
capacitance and the effective charge in the channel. Finally, surface potential model has been developed
by solving 1-D Poisson’s equation using bias dependent charge carrier concentration. Effective channel
charge has been derived in terms of oxide voltage. Finally, drain current has been modelled with the

help of surface potential and effective charge of the nanowire channel.
6.5.1 Structure used for Modeling

The schematic cross-sectional view of ZnO NWFET with a back gate structure is shown in Figure[6.6|
[150,/159]. The cross-section of the nanowire used in this work is a square shape for simplicity [163].
Zn0O nanowire is assumed to be n-type semiconductor due to presence of oxygen vacancies and zinc
interstitials [152] while source and drain contacts are assumed to be ohmic in nature. Channel length is
in ‘x’ direction while width of the channel is ‘z’ direction. The thickness of nanowire is in ‘y’ direction
as shown in Figure Vs, Vg and V; are source, drain and gate voltages respectively while Vy, is the
flat-band voltage. Source has been assumed grounded for model simplicity.

ZnO nanowires have significant surface-to-volume ratios as compared to their bulk counterparts.
Therefore, surface defects like oxygen vacancies which are adsorbed at the nanowire surface act as
electron acceptor and form O, . This reduces the channel conductivity [150]. Poisson’s equation has
been solved to obtain the surface depletion depth expression which has been used to determine the
effective width (Wesy) of the nanowire channel. (W,s¢) has been used to calculate oxide capacitance

(Cosz) which has been eventually utilized to model the effective charge (Wess) in the channel to finally
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Fig. 6.6: Schematic cross-sectional view of ZnO NWFET

get a current model. The Poisson’s equation in 1-D is given as

0’X —p
E . 6.1
dy?  Enweo (6.1)

where 1 is the electric potential, p is the charge density and e is the permittivity of ZnO nanowire.

Solving Poisson’s equation, we get an expression for surface depletion depth in ZnO NWFET as

2 Vi
Xy = Enw€o Vi (6.2)
qnr,

where, Vj; is built-in potential or surface barrier height due to surface states [159]. V;; = 0.3 V has
been used for model simulation [150]. Here, n, is the electron concentration per unit volume of the
nanowire. It has been assumed that the nanowire is like a solid rectangular pipe which has been
exposed to oxygen vacancies in all of its possible faces. Hence, surface depletion is supposed to occur
in all the faces exposed to oxygen vacancies. In this report, n, has been computed with the help of 1-D
equilibrium electron density in the nanowire ny. To compute nr, standard quantum based approach
in energy space has been used which involves Fermi function and 1-D density of states (DOS) in energy
domain as described in Appendix C.

Cos is the expressed with help of W,y for rectangular cross-sections as [164]

_ EoxEoWepsau

Cow = (6.3)

tO.’E

where t,, is the thickness of insulator, &,; is the permittivity of SiOs, « is the parameter to account

for capacitance variations in nanoscale device like 1-D nanowire as compared to bulk devices and
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6.5 Modeling of ZnO NWFET drain current

Werp = Whw — 3Xas — Xgq where X is expressed as a function of gate voltage

2 V,
X, = 4| Enwsoly (6.4)
qanr,

Moreover, the electron charge density is a also a function of bias. The voltage applied at the gate

terminal can be distributed as
Vo = Voz + Vip + s (6.5)

where, V,, is the voltage dropped across the oxide. v is the surface potential and V,, is the potential
along the channel close to oxide-nanowire interface. V;(z =0) = 0 V and V,(x = Lnw) = V. The

flat-band voltage, Vi, = -0.75 V has been computed based on following equation [165,/166]

1 Qi
Vfb = 5 [‘Pp*Si — XZnO — (Ec - Ef)ZnO] - Cf (6'6)

where, ¢,+g; is the work function of degenerately doped p-type silicon substrate that is acting as back
gate in our model structure, xz,0o is the electron affinity of ZnO, @Q); is the interface trapped charge
density. ¢+, = 5.05 €V, Xxzno = 4.35 eV, @; = 8x10° ¢m ™! has been referred from [167], [168], [155]
respectively. From (4), we can express oxide voltage in terms of gate voltage and surface potential

which is turn can be used to express the effective charge in the nanowire channel as

Qeff = Co:r:(vg - Vfb - @Z)s) (67)

With the help of effective charge in the nanowire, the drain current can be modelled once we have the

expression for surface potential in terms of terminal voltages and distance along the nanowire channel.
6.5.2 Model for surface potential

This section details the approach considered to model the surface potential in the nanowire channel
with the help of Poisson’s equation. In the first step, the 1-D electron charge density in the nanowire
channel has been expressed as a function of bias through variation in the surface potential which
corresponds to the bending of the bottom of conduction band according to the gate voltage applied.
It is noteworthy that when V<V, the electrons near the oxide-nanowire interface are repelled and
a depletion region is formed as shown in Figure a). Similarly, when V>V, is applied, there is
accumulation of electrons near the interface as shown in Figure (b) Therefore, for depletion case,

the difference between fermi level and the conduction band minima (E¢— E,) increase to (E—E.—qis)
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Fig. 6.7: Cross-sectional view of ZnO NWFET when bottom surface of nanowire channel is (a) depleted (b)
accumulated

and decreases to (K — E.+q1)s) for the accumulation case. Therefore, the electron charge density after
the application of gate voltage can be expressed for both the cases (depletion, ny and accumulation,

Ng) as

—(Ec—Ef‘HITZJs) —q¥sq
Ng X e T = nq(Vy, Vg, ) = npe *T
—(Ec—Ef—qws) +a¥sa (68>
Ng X € KT = nq(Vy, Vg, &) = npe *7
Surface potential can be expressed using 1-D Poissin’s equation as follows
Yy ng
s(d,a) — 4Nd,a (69)

0z2 EnwEo

Since the above equation is a second order non-homogeneous differential equation, its complementary

and particular solutions are jointly given as
Ysa(z) = Cicos(Bzx)+ Cysin(Bz) + kT /qd (6.10)

Ysa(x) = C3B% 4+ Cue B + kT /q6 (6.11)

where B = q°np,/enweokT, 6 is the smoothing factor given as -10q/kT, 1s4(x) and 14, (x) are surface
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potentials in depletion and accumulation case. Based on following boundary conditions

qnr X2
= 0 = —
Vs(a)(z=0)=0 (6.12)
a S a
Vsda) | _
O =0
the coefficient values have been obtained as follows
C, = VW (6.13)
A W — Vs — Vi(1 — cos(BLyy))
- sin(B L)
= Va = Vi1 — e~ 21m)
C; = -
2sinh(BLy,,)
Cy = —Vi—0Cs

where ¢ = V- Vi, - V. Now, once the expression for surface potential for both the cases have been

obtained, we can model the drain current with the help of Qs as follow [169]

Va
Igs = LM /Qeff av (6.14)
0

The final expression for drain current in depletion and accumulation region is given as

Cox n V2
laep = Lni [(Vg — Vs —¥.4)Va — 7‘1] ;o Ve <Vp
(6.15)
_ Cox (Mn + Ma) Vd2
loe = S (Vo = Vi)V o
COCU n saV
_%» Vo=V (6.16)

The total nanowire current is modelled as the sum of both the current components over their respective

gate voltage range which is expressed as

T = Tgep + Tuc (6.17)
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Fig. 6.8: (a) ZnO NWFET current for varying Vds (b) ZnO NWFET current for varying Vgs

6.5.3 Results and Discussion

The simulations have been performed for above current model referring the experimental values
from [150] except fier and piq, which are taken as 4.3 em?/V's and 1 em?/V's respectively as we have
assumed rectangular cross-sectional nanowire in our model in place of cylindrical one. The parameters
and their respective values used for analytical simulations are listed in Table . Figure (a) shows
the current variation with drain voltage for Vs = 2 V, 4 V and 6 V. Figure b) shows nanowire
current with varying gate voltage for different drain voltages such as 100 mV, 75 mV and 50 mV. It
can also be derived from the current conduction mechanism discussed above that only core current
is available during the depletion case as depletion region does not contributes mobile charge carriers
for conduction. Though, in case of accumulation, we have core current added with the accumulation
current. Hence, the drain current in the accumulation case is expected to be higher than that in the
depletion case. This is evident from Figure (b) which shows an increase in the slope of drain current
for Vi, > Vyy,. It is observed that the model results are in close agreement with the experimental results.

Also, calculation of Nip gives a value near 4.6428 x 105 em ™! which is very small as compared with
the effective density of state value for 3-D bulk semiconductors which is in order of 10* em™3 |152].
Subsequently, the 1-D charge carrier concentration in nanowire channel is also expected to be very small
as compared with volume charge carrier concentration. This argument correaltes with our idea to use 1-
DOS to include the quantum confinement effect for a nanowire channel. Moreover, for a semiconductor
to be non-degenerate, Ef-E, < - 3kgT [170]. The computation of 1-D equilibrium electron density
using ny = -3 gives ny, = 2.47 x 107 em ™! which is of same order as reported experimentally in [152].

This validates the approximation used for F_; 5 integral for the computation of 1-D electron density.
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Table 6.1: Table for model parameters and their values

Symbol Description Value | Unit
(Zn g gNW) Electrical Bandgap 3.27 eV
(Zn gl NW) Effective mass 0.39 mp | Kg

Enw Relative permittivity (ZnO) 8.7 -
€5i0s Relative permittivity (SiO2) 3.9 -
tox Insulator thickness 500 nm
trnw Nanowire thickness 120 nm
Wow Nanowire width 120 nm
L Nanowire length 7 pm
ny Coefficient for Fermi Integral -3 -
3 Parameter to account 150 )
for surface depletion depth
Parameter to account
« . .. 33 -
for capacitance variations

6.5.4 Summary

In this chapter, ZnO NWM and SNW based SBFETs have been fabricated with the help of MCP
technology. The electrical characterization shows a n-type channel behaviour in both types of SBFETSs
The conclusion drawn from the output and transfer curves of the fabricated SBFETs have been con-
firmed with respective C-V characteristics. The ZnO NWM-SBFETs have been applied to sense NOo
at room temperature and it has been observed that ZnO NWM-SBFET based NOs sensors show nearly
two times higher sensitivity for sub-10 ppb gas concentration range as compared to ZnO NWM-Schottky
diode based sensors.

Further, a surface potential based drain current model for a ZnO NWFET has been developed
and model results are verified with experimental results. 1-D electron density has been modelled as
a function of bias voltages using 1-D density of states (DOS) and an approximate solution of F_;
integral. The core idea behind use of 1-D DOS instead of 3-D DOS and 1-D charge carrier concentration
instead of volume charge carrier concentration is to include quantum confinement effects which are
expected for a device with width and thickness near 100 nm. Furthermore, it has been observed that
surface depletion depth caused by adsorbed oxygen vacancies is an important parameter for nanowire
which significantly affects its channel conductivity by affecting the gate oxide capacitance. The model

results for 145-Vys show that current in accumulation case increases due to extra charge accumulation
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near oxide-nanowire interface as compared to depletion case. This model also predicts a parabolic
variation of surface potential near drain region of nanowire channel which is expected due to linear
increase of depletion width caused by increased reverse bias. The model results are foud to be in close
agreement with the experimental results. This current model can also be extended for degenerate ZnO
NWFET where doping levels are very high by proper selection of ny values. Further, inclusion of
mobility model, effect of interface charge densities on the surface potential and inclusion of channel

potential model in the present current model can improve the results.
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7. Conclusions and Future Directions

7.1 Conclusion

The growing need of electronic devices in the field of sensors, biomedical and medicinal applications
demands the development of alternative fabrication technologies which can be effectively used for
proof-of-concept level testing and rapid prototyping at low costs. Printed electronics technology is
emerging to serve the above purpose being additive and diverse in nature. This thesis contributes
in the development of printed electronics by exploring and optimizing the various aspects of micro-
cantilever based printing process for the fabrication of micro-resistors, micro-Schottky diodes, field-
effect transistors and their application in the field of gas sensing and biological interactions. The major

contributions of this work are summarised as follows.

B The initial phase of the thesis is focussed on the analysis and optimization of the micro-cantilever
based printing process which utilises surface patterning tools (SPTs) with micro-cantilever (1C)
with in-built micro-channels. Hence, this printing technique is referred as micro-cantilever based
printing (MCP). MCP technique has been compared with other printing technologies such as
inkjet printing, gravure and screen printing as shown in Table [7.I] MCP is an additive manufac-
turing technology which is processed at low cost, room temperature, does not require masks or
vacuum environment and is eco-friendly. MCP generally requires inks with low viscosity (below
20 cP), particle size as low as possible, solvents having slow evaporation rate, substrate which
show optimal solvophilic or solvophobic response towards the inks, ambient humidity in the range
of 40-60 % etc. Further, low ratios of printed feature-size to suspended particle-size have been
obtained for PANI-ES and AgNP ink which are nearly five times finer than typical inkjet printing
ratios as shown in Table The various physico-chemical parameters which play a vital role in
printing of stable and reliable structures such as suitable ink concentration in the solvent, proper
selection of the substrate with which the ink has good adhesion, ink-substrate interactions via
contact-angle measurement, selection of proper solvent and particle-size of the ink, printing envi-
ronment, annealing, cleaning of SPTs etc. have been studied, analysed and optimised. Multiple
arrays of micro-spots of PANI-ES have been printed on flexible substrates like PET, PVAQPET.
Monolithic resistors of AgNP have been printed using MCP having average electrical resistance

in the order of few hundred ohms to a few kilo-ohms depending on their print thickness.

B The MCP technology has been further explored to fabricate printed micro-resistors (PMRs) in
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Table 7.1: A comparison between different printing methods

Printing | Viscosity Feature Ink Particle | Feature to Particle Material | Reference | Year
Method (cP) Size (um) Size (nm) Size Ratio

- 100 (Line) 50 2000 Ag NP |70] 2012

Inkjet 10-18 90 (Spot) 50 1800 Ag NP |171] 2017

9-11 10 (Line), 3 (Spot) 5.5 1800 (Line), 545 (Spot) Au NP |71 2005

Gravure 60000 121 1900 63 Ag NP 48] 2016

Screen 10000 22 5 4400 Ag NP [49] 2015

MPS 10-18 0.5 (Spot), 17 (Line) 50 10 (Spot), 340 (Line) | Ag NP [22] 2018

10-18 3 (Spot) 3000 1 (Spot) PANI-ES |22] 2018

three different printing modes based on MCP. These printing modes are based on the way the uC
is utilized to draw the ink from the ink-source and deploys the ink on the substrate during the
printing process. These modes have been named as spot spot overwrite printing (SOP), dip-ink
printing with spot overwrite printing (DIPSOP) and surface patterning tool drag printing (SDP).
SOP has higher print capability as it can print large number of structures in one go. DIPSOP
has highest print-probability as it can print those inks also which do not fulfil the printing pre-
requisites completely and therefore DIPSOP is the most reliable printing mode. SDP is the
fast printing mode and can print structures having the least surface roughness. The PMRs are
single material electronic devices as they contain only AgNP ink and hence reduce the issues of
contact resistance and interfacial mismatch. Moreover, it has been found that these PMRs are
structurally and electrically stable even after 1 year. These PMRs are comparable with SMD chip
resistors available in the market with lower fabrication cost. Implementing these three different
modes of MCP, a print resolution of sub-2 ym and minimum feature size of sub-1 pym has been

achieved. Table summarises the PMRs printed via three modes of MCP.

B Schottky micro-diodes have been fabricated through a low cost, simple and rapid fabrication
process using pC printed AgNP layer (thickness < 400 nm) and dispersion-casted ZnO NWs
as semiconductor channel material for a channel length ~ 35 pm. To control the dimensions
of the channel, first SDP and later DIPSOP mode of MCP has been applied. The electrical
characterization of printed micro-diodes (PMDs) verify their Schottky behaviour. The PMDs
have been used as sensors for air pollutant gases such as CO2, CO and NOg at room temperatures.

The best sensitivity of 0.492 (% ppb~!) for NO; is achieved.

B The ZnO NW dispersions have been further optimized with the addition of SDS or SDS combined

with Acetic acid such that maximum number of separated and countable single nanowires and
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Table 7.2: A brief summary of fabricated and measured resistors

Feature Substrate Channel Length, | Average Print | Printing Voltage Current Average Resistivity

Width (xm) Thickness, t | Technique | Range (V) | Range (mA) | Resistance, R | (2-m)x 107°
SOP R1 Glass L=75, W=27 360 nm SOP +0.1 -1.67 to 0.883 94 Q 1.22
SOP R2 Glass L=50, W=37 353 nm SOP +0.1 -0.79 to 0.687 134 Q 3.50
SOP R3 Glass L=60, W=27 386 nm SOP + 0.1 - 0.573 to 0.631 224 Q) 3.89
DIPSOP R1 Glass L=30, W=45 300 nm DIPSOP +0.1 +0.2 194 Q 5.40
DIPSOP R2 Glass L=25, W=17 350 nm DIPSOP + 0.1 + 1.2 120 © 2.86
SDP R1 Silicon L=50, W=75 700 nm SDP +0.1 +6 16 Q 1.68
Spill Layer Glass L=60, W=170 1.49 pym Spillover + 0.1 + 23 4.4 Q 1.86
Spill Layer Silicon L=1500, W=950 2.15 pm Spillover + 0.1 + 23 4.4 Q 0.59
Spill Layer PET L=2500, W=2500 2 pm Spillover +0.1 + 10 10.9 2.18

least number of dense nanowire clusters get drop-casted on the substrate. MCP has been used to
place AgNP contact pads over the surface of a ZnO single NW (ZnO SNW) to fabricate micro-
cantilever printed single nanowire based Schottky diodes. These diodes have been applied to
sense COy and CO at room temperature achieving a maximum sensitivity of 14.9 (% ppm~!) for
CO and 1.71 (% ppm ') for COs with a response time range of 5 s - 3 minutes and a recovery
time range of ~ 2 - 10 minutes with gas concentration down to 500 ppb for CO2 and 10 ppb for
CO. The measured I-V results of the fabricated diodes are also verified via a simple Schottky

diode current model based on thermionic emission theory.

B In the last phase of the thesis work, MCP based ZnO SNW Schottky barrier field-effect transistors
(SBFETSs) have been fabricated by printing the source and drain with AgNP ink and tuning the
current through ZnO SNW channel via a n™-Si/AgNP back gate. The output, transfer and C-
V curves of the SBFETs support a n-type conduction in the ZnO SNW channel. These printed
FETs can sense NO3 at 2 ppb to 100 ppb level with a response and recovery time in range of 30-60
seconds. An simple analytical model has been developed to understand the nature of transport
in such SBFETs. This model is based on estimation of carrier charge density in the ZnO SNW

channel using 1-D Density of States. The model is validated with published experimental results.

Table presents the complete summary of fabricated and applied devices and structures.

7.2 Future Directions

The major theme of this thesis has been the exploration and development of MCP to fabricate
reliable and practically efficient electronic components and devices that can offer an potential alterna-

tives for silicon micro-fabrication based devices in terms of cost and simplicity of fabrication. However,

TH-2495_146102016

104



7.2 Future Directions

there are various future aspects related to this research area which are presented as follows.

B Scaling of MCP technology and device aspects The present thesis focuses on the devel-
opment of discrete electronic components such as micro-resistors, Schottky diodes and FETs.
However, the MCP technology can be scaled to fabricate basic logics gates, memory circuits and
other integrated circuits having dimensions in micrometer regime. The Schottky contacts have
been printed using the combination AgNP /ZnO/AgNP in this thesis and have been a prime focus
with respect to the device perspective. However, the ohmic contacts can also be fabricated using
the MCP technology by selection of proper metal with appropriate work function like Pt, Ti or
Au or by doping the ZnO NW channel, p-type or n-type with respect to the work function of
the metal, which helps the formation of ohmic contacts instead of Schottky one. Further, these
ohmic contacts based devices can be used to print conventional FETs in place of SBFETs. The
effect of Schottky contacts on the C-V characteristics of the SBFETs can be analysed in detail.
The ZnO SNW-SBFET based gas sensors can be developed to sense NOs and other pollutant
gases. Moreover, fabrication of p-type ZnO SBFETs along with n-type ZnO SBFETs can be
important in development of complementary circuits such as inverter, other logic and memory

circuits.

B Printing of biomolecules, polymers and nanomaterials The insights obtained from the
analysis and optimization of MCP process using AgNP ink can be used to print other kinds of
ink like AuNPs, carbon-dots etc. Moreover, the printing techniques can be extended to deposit
biomolecules such as DNA, biological entities like E-coli bacteria, different kinds of viruses for
their quantification based on electrical characterization. The uC printing based technology can
be used and studied for selective-area functionalisation where ink can be deposited at the tar-
geted locations in pm regime. Usually, polymer printing is challenging using MCP due to thin
dimensions of pC channels. Polymer particles generally agglomerate and clog the flow of the
polymer ink. An extensive research can be carried out on the development of suitable poly-
mer inks with optimized solvents that can reduce the rate of agglomeration and facilitate the
polymer-ink flow through the micro-channels of ;C. The printing of diverse nature of inks can be
performed over flexible substrate like PET, PVA or PMMA coated PHP sheets and also on paper
to fabricate electronic components that can be applied in the field of flexible, wearable and paper

electronics. In the present thesis, ZnO NWs have been drop-casted over the substrate using ZnO
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NWDs. However, various mechanisms and synthesis procedures can be explored to print ZnO
NWs using MCP. Such experiments will require the NWs to flow through the micro-channels of
1C. To control and direct the movement of ZnO NWs through the pC channels, some sort of
extra capillary-push or electromagnetic field excitation based flow mechanisms can be analysed
and developed. The MCP printed Schottky diodes and SNW SBFETSs can be tested for sensing
other gases like hydrogen, VOCs to analyse the selectivity of the sensors. The ZnO NW channel
can also be functionalised with suitable material to improve its selectivity. Further, the effect of

humidity and temperature variations on the performance of sensors can be analysed.

B Device modeling and stability analysis The basic current model for SNW SBFET can be
further improved by developing the model for channel surface potential using Poisson’s equa-
tion. Standard quantum confinement models like Schrodinger-Poisson (SP) solver model, Bohm
quantum-potential (BQP) model, Landauer current expression can be utilised to account for
carrier transport in the nanowire channel. The other devices than PMRs fabricated using MCP
like Schottky diodes, SBFETs and gas sensors developed using these devices can also be analysed
for structural, electrical and functional stability and reliability. The NW gas sensor sensitivity
and stability models can also be developed based on NW current and surface potential models.
The discussed drain current model assumes ohmic contacts and it can be modified by combing

the effect of Schottky contact to model the actual current in the fabricated FETs.
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Table 7.3: Complete summary of fabricated devices and their applications

Chapter

Fabricated Devices/
Structures

Technology

Substrates

Results

Micro-spots (uS)
Micro-lines (pL),
Printed micro-resistors (PMRs)

MCP-SOP

Glass (coverslip)

AgNP 1S on glass (D ~ 0.5 pm),

AgNP micro-line on glass (W ~ 17 pm),
AgNP PMR on glass

(average length ~ 158 pm,

average width ~ 51 pm,

average thickness ~ 258 nm, AER ~ 244 Q)

PVAQPET

PANI-ES uS (D ~ 3 pm),

PET

PANI-ES iS (D ~ 20 pm),

Micro-spots (uS),
Micro-lines (pL),
Printed micro-resistors (PMRs)

MCP-SOP

Glass

AgNP uS (D ~ 0.46 pm),
* Print resolution: 1.9 pum

Si02/Si

AgNP uS (D ~ 0.46 pm),
AgNP micro-line (W ~ 5 pm)

MCP-DIPSOP

Glass

AgNP uS (D ~ 0.68 pm),
AgNP micro-line (W ~ 1.02 pm,
* Print resolution: 1.9 pum

MCP-SDP

Si0,/Si

AgNP micro-line (L ~ 1.8 pum),
Print resolution: 1.8 ym

7ZnO NW-Micro-mat
Schottky diode ,
COg, CO, NO; sensors

MCP-SDP,
MCP-DIPSOP,
Drop-casting

SiO,/Si

* NWs over the metal CP
Sensitivity ~ 0.492 %/ppb (NO2),
Tpres ~ 30-60 sec,

Tpree ~ 60 sec,

* Room temperature operation

ZnO NW-Micro-bridge
Schottky diode,

COg, CO,

NOs sensors

MCP-SDP,
MCP-DIPSOP,
Drop-casting

Si0,/Si

Sensitivity ~ 0.115 %/ppb (CO2),

Tres ~ 30 sec,

Trec ~ 1 min,

LOD: 0.14 ppb (NO3), 0.23 ppb (CO2),
9 ppb for CO,

* Room temperature operation.

U-ZnO SNW Schotky diode,
CO3 and CO sensors

MCP SDP-SP,
MCP-DIPSOP

Si0,/Si

* Metal CP printed over SNW

* SNW L ~ 4-5 ym, D~ 300-350 nm
* Schottky diode parameters:
Average barrier height: 0.18 eV to 0.21 eV
Series resistance: 30-180 k 2
Ion/Topp ~ 104

* Sensing parameters:

Sensitivity ~ 14.9 %/ppm (CO),
Tpres ~ 5-10 sec (all three gases),
Tree ~ 2-4 min (CO)

* Room temperature operation.

M-ZnO SNW Schotky diode,
CO9 and CO sensors

MCP SDP-SP,
MCP-DIPSOP

Si0,/Si

Sensitivity ~ 4.01 %/ppm (COz),
Tpres ~ 20-60 sec (CO),

Treec ~ 5 min (CO)

* Room temperature operation.

ZnO NWM-SBFET,

NOs sensor

MCP SDP-SP,
MCP DIPSOP

Si09/Si

* Device parameters from I-V:
n-type channel conduction
Lon/Lopp ~ 103

* Device parameters from C-V:
n-type channel conduction

* Sensor results

Sensitivity ~ 1.127 %/ppb (NO3)
* Room temperature operation

ZnO SNW-SBFET

MCP SDP-SP,
MCP DIPSOP

Si0q/Si

* Device parameters:

dominant n-type channel transport
(CV and I-V), Lo, /Ippp ~ 103

* Room temperature operation.

D: Diameter, W: Width, CP: Contact pads, T,¢s: Response time, Tyc.: Recovery time
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A. Printing of SOP, DIPSOP and SDP based AgNP PMRs

A.1 Printing of SOP, DIPSOP and SDP based AgNP PMRs

In the first MCP based printing technique, a continuous structure like a line or a square with a
certain length, width and thickness is printed by partial overwriting of every single spot of the ink over
the previous spot as shown in Figure 3.1 Therefore, this technique has been named as spot overwrite
printing (SOP). There are various conditions in which the flow of the ink to the substrate is restricted
during the print experiments. The ink has to satisfy certain physical and chemical criteria such as
particle-size (as small as possible), viscosity (as close to that of water i.e 1 cP), evaporation point
(higher preferred) etc [22] to attain a proper flow through the channel of micro-cantilever. Moreover,
the ink flow is restricted even if the micro-cantilever channel of the SPT is not properly cleaned and
contains the dried-up particles of the ink used in the previous printing experiments. DIPSOP printing
technique is an effective solution for such conditions. This is because, in this printing technique, we
first drop cast extremely small amount (~ 0.2-0.5 uL) of AgNP ink on the substrate which acts as
a local ink reservoir (LIR). Thereafter, the SPT micro-cantilever is made to just touch the upper
periphery of this reservoir to avoid the spillover of the ink. In doing so, the SPT draws some ink into
its micro-cantilever channel and readily prints the spots or the designed structure with the help of
NanoWare software installed in Molecular printing system (MPS) from Nano eNabler [22,130] MPS
where the array printing can be customised. When the ink gets over, the SPT is again dipped in the
source drop and re-draws some ink and carry forwards the printing process. Since the SPT is dipped
in the source drop, this printing technique has been referred to as dip-ink printing with spot overwrite
printing (DIPSOP). This technique is slow but guarantees the flow of the ink from micro-cantilever of
the SPT. DIPSOP is analogous to the ancient technique of writing using quill pens.

The third technique prints the structures by dragging the surface patterning tool (SPT) micro-
cantilever, which acts as a reservoir for the ink, continuously like a tip of a pen to draw straight
lines, rectangles or square shaped features with low line edge roughness. We have named this printing
technique as SPT drag printing (SDP). SDP can be performed either by drop-casting the ink over
the SPT reservoir, making the micro-cantilever of SPT to properly touch the substrate surface and
then dragging the micro-cantilever to print the desired structure or by dipping the micro-cantilever
into a local ink spot and dragging the ink with the micro-cantilever to the print targeted design. In
both cases, the ink needs to be properly spread over the contact pads and channel region by gradually

lifting the micro-cantilever which is in contact with the substrate and allowing the ink stored in the
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micro-channel to come out and spread uniformly by itself (self-printing). The interesting fact is that
the ink coming out of micro-cantilever channel after the drag spreads only in the dragged region due
to cohesive forces acting between the ink molecules. It can be observed in Figure [3.4(B) that the left
contact pad in SDP-PMR seems to have less print thickness as compared to the pad at the other end
based on color texture. It is so because the SPT drag process has been performed from left to right
direction. When the drag process is stopped in the middle of the right contact pad, there is an outflow
of ink from the micro-channel of the cantilever due to accumulated capillary force during the SPT drag
process which spreads an extra ink throughout the whole right contact pad. The ink also gets spread
in the channel of SDP-PMR as well. This extra flow of ink results in the gain of extra thickness where
the ink has spread. To balance the thickness, the extra ink needs to be properly distributed among the
two contact pads and the channel of SDP-PMRs by dragging the SPT in the middle of each contact
pad and lifting the micro-cantilever gradually from the surface of the substrate.

Figure (a) shows SDP-PMR array of AgNP over SiO2/Si substrate after annealing. It is observed
in Figure (a) that the printed array has uniform thickness without any discontinuity because there
is no colour change observed in the printed array. However, in Figure (b), the second printed array
lacks uniform thickness due to non-uniformity and discontinuity in the flow rate of the ink from the
reservoir to the tip of the micro-cantilever after printing the first set of PMR array. The core reason
behind such non-uniformity in the flow rate is the higher speed of SPT drag which increases the ink
demand for printing. The SPT reservoir is unable to meet this demand rate due to intrinsic limitations
for the ink flow rate which is based on certain parameters like the viscosity of the ink, the particle size of
the ink, agglomeration rate of the particles inside the ink, micro-channel width of the micro-cantilever
of SPT, surface uniformity etc. Hence, these parameters need to be optimised to get a constant and

faster ink flow rate for a longer period to print continuous features.

TH-2495_146102016

111



A. Printing of SOP, DIPSOP and SDP based AgNP PMRs

TH-2495_146102016

112



Optimization of ZnO NW dispersions for
SNW device fabrication

Contents
B.1 Introduction . . . . . . . . . @ i i i i it it e e e e e e e 014
B.2 Dispersion Preparation . . . ... ... ... ... . . 00000
B.3 Summary . . . . . e e e e e e e e e e e e e e e e e e e e 123

TH-2495_146102016

113



B. Optimization of ZnO NW dispersions for SN'W device fabrication

B.1 Introduction

In this work, we report the optimization of ZnO NW dispersion in de-ionized (DI) water such
that the drop-casted quantity of the dispersion contains maximum number of distinguishable and
individual NWs and least number of ZnO NW clusters. To observe the effect of surfactant, acid and
base on the separation tendency of clustered ZnO NWs, sodium dodecyl sulfate (SDS), acetic acid and
ammonium hydroxide has been added to the original dispersion in DI water in various concentrations
and a comparisonal analysis has been presented. Moreover, the effect of annealing temperature and
annealing rate has also been discussed with each case to observe the thermal and structural stability
of drop-casted ZnO NWs. Such drop-casting technique of ZnO NW in DI based dispersions is a low-
cost, easier, faster, more controllable technique as compared to the conventional techniques utilized for
fabrication of ZnO SNW devices. Therefore, such technique has a promising potential to be applied in
the fabrication of single nanowire based electronic devices in general.

Zinc oxide (ZnO) nanowires (NWs) have been deeply researched due to their unique and attractive
material properties which are being employed in the field of electronics, optics, energy-harvesting
and so on [1724174]. ZnO NWs are generally synthesized over the substrate using vapour-liquid-solid
(VLS) method with the help of chemical vapour deposition (CVD), laser ablation method, atomic layer
deposition (ALD), hydrothermal or solvothermal techniques and so on |175-181|. However, most of the
avove-mentioned methods use some kind of catalyst or auxiliaries that leads to residual contamination
of ZnO NWs [175].

Therefore, more efficient method of ZnO NW synthesis requires a contamination-free process that
does not alters the original properties of a NW. Shih et al. have reported the synthesis of a ZnO single
NW (SNW) using a Ti-assisted CVD in order to avoid catalytic contamination which can control the
dimensions of NWs with the help of a diffusion phenomena taking during the fabrication process [175].
Lupan et al. have reported the low-temperature solution based synthesis of Au-modified ZnO NWs
with diameter varying in the range of 10-100 nm [181]. Similarly, Galan et al. have used atomic
layer deposition (ALD) to grow ZnO seed layers followed by chemical bath deposition (CBD) of ZnO
NWs to produce uniform single crystal ZnO NWs in low-cost [182]. Naif et al. have reported a
low-temperature hydrothermal technique for ZnO NW reproduction and have studied the effect of
growth duration time, growth temperature, zinc precursor concentration etc. on the morphology of

ZnO NWs [183]. Lupan et al. have reported the integration of a single NW or a single microwire
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Fig. B.1: Schematic of ZnO dispersion drops with varying solvent concentration over silicon surface

c2 c3

on the chip by employing metal maskless nano depositions in the dual beam focussed electron/ion
beam instrument . However, it is observed that in most of the reports that the growth of ZnO
NWs is either affected by catalytic-contamination or there is always a need of series of sophisticated
equipments which increases the fabrication time and processing complexity and most of the times,
need a high processing temperature.

In this work, we have proposed a novel method of separation of dense and random clusters of NWs
into highly separated and distinguishable single NW entities. For this, we have utilised a commercial
ZnO NW powder and have prepared an optimized dispersion of ZnO NWs using de-ionized (DI)
water as dispersion medium, which when drop-casted over the substrate, randomly spreads highly
separated ZnO SNWs that can be identified and targeted for metal-contact formation via a simple
microscopic-visual inspection. Once the ZnO SNWs are properly placed on the SiOy/Si surface, then
the metal-contacts can be directly printed overlapping the two sides of a selected ZnO SNW using
MCP technique to fabricate two-terminal (micro-resistors, diodes) and three-terminal devices such
as field-effect transistors (FETSs), which can be further deployed for some sensing applications. Further,
the effect of acid and base addition to DI water based nanowire-dispersion on the morphology of ZnO

SNW is also investigated.

B.2 Dispersion Preparation

ZnO Nanowire powder (NWP) is procured from Sigma Aldrich (Product Id: 773999). Since we
have ZnO NW in powder form, we need to find some technique to separate thousands of NWs which
are clubbed together in powder form to get a single (or at least countable) NWs and place them at

targeted locations for our device fabrication. Basically, the ZnO NW being our channel material, it is
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Fig. B.2: FESEM image showing separation tendency of ZnO NWs in four different concentrations of disper-
sions of ZnO NWs in DI water added with SDS

targeted to be placed in the channel (gap) between the two electrodes such that it can properly bridge
the gap between the two electrodes and connect them properly. To separate ZnO NWs, one of the
preferred methods will be to make a solution or dispersion of ZnO NWP and drop cast the same over
desired location. Generally, ZnO NWP is not soluble in many solvents except some acids. Moreover,
acids evaporate fast and also need more precaution during experimentation. Therefore, experimenting
with ZnO NW dispersions drops is preferred here over ZnO NW solutions.

1 mg of ZnO NWP was taken and dispersed in four different concentrations (5 mL, 10 mL, 15
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Table B.1: Count of distinguishable and separated individual ZnO NWs entities in each dispersion drops

Drop columns/

ZmO dispersions Cl|C2)C3
D5 (5 mL) 9 2 10
D10 (10 mL) 3 |4 |7
D15 (15 mL) 2 3 6
D20 (20 mL) 1 [2 |2

mL and 20 mL) of low surface tension de-ionized (LST-DI) water. For convenience, we have named
four dispersions as D5, D10, D15 and D20 respectively. A low surface tension DI water (LST-DI) was
prepared by dissolving 1 mg of sodium dodecyle sulfate (SDS) in each DI water sample. Each of four
dispersions were treated with vortex generator for 5 minutes for proper mixing of components and 0.5
L of each dispersion was drop casted at three different locations over a cleaned silicon substrate as
shown in Figure In this way, three different columns of dispersion drops were casted on silicon
substrate as shown in Figure as C1, C2 and C3. This sample was annealed till 210°C with a ramp
rate of 2°C/min starting from 60°C. The so annealed sample was imaged with field-emission scanning
electron microscope (FESEM) from JEOL (Model: JSM-7610F) to observe the presence of ZnO NWs
in each of dispersion drops. SDS helps to reduce the surface tension of the water [185-187] and hence
resist the agglomeration rate of NWs resulting in a improved level of NWs separation as shown in
Figure |B.3

All the FESEM images are taken near the centre of each drop. Images which are taken at least
with 1000X for all columns were considered for comparison and analysis for each drop. It is observed
that number of ZnO NWs over the imaged surface decreases as the concentration of the LST-DI water
increases in accordance with the level of dilution. Hence, D5 contains maximum number of ZnO NWs
while D20 contains least number of ZnO NWs. In D5, we also observe small clusters of NWs as sown
in Figure Also, it is observed that NWs get agglomerated due to annealing to form random
nanowire clusters. It is observed that two or more than two smaller ZnO NWs get stacked over each
another to form a bigger single ZnO nanowire with length ~ 5 to 10 pum. Moreover, D20 comes out
as the best dispersion to be used for further experimentations for device fabrication. Table 1 shows
the count of completely separated and easily distinguishable ZnO SNWs entities in each column of
all four dispersions. It has been observed that C1 and C3 show a continuous decline in the count of
a ZnO SNW as the amount of LST-DI water is increased from 5 mL to 20 mL which hints to the
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Fig. B.3: Optical image showing a portion of ZnO NW dispersion drop in (a) DI water only (b) DI water +
SDS after heating. ZnO NWs are in black colour

Fig. B.4: Optical image showing a portion of 2 uL drop-casted ZnO NW dispersion (a) without acetic acid
(b) with acetic acid in 1:1 proportion

fact that ZnO NWs show higher separation tendency with increased dispersion medium concentration
i.e. higher dilution ratio. The probable reason can be the increase in the repulsive force exerted by
water molecules on the ZnO NWs. Moreover, C2 also shows a decreasing trend in the count of ZnO
NW like C1 and C3 for D10, D15 and D20 except for D5 case where the scanned area needs to be
changed for better results. Further, to achieve the target of distributing separated-single nanowires
over the substrate, a rapid annealing, direct heat treatment or addition of other materials such as acids
or base to the DI water based NW dispersion is expected to give improved results as it provides less
time for water molecules to interact with ZnO NWs and hence reduces the chances of corresponding

agglomeration.
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B.2.1 Results and Discussion

B.2.2 Effect of acid addition to ZnO NW dispersion in LST-DI water

When ZnO NW powder is dispersed in LST-DI water, all the powder particles got agglomerated and
assembled at one place which showed that water molecules exert repulsive force on ZnO NWP particles
which created the assembly of larger and agglomerated ZnO NW clusters as shown in Figure (a).
Therefore, to achieve higher degree of NW separation, mixing acids in ZnO NW dispersion in LST-DI
can be a viable option [133}134]. DI water molecules show repulsive response to ZnO NWs and acetic
acid molecules are expected to attract the NWs. Therefore, adding acids in optimal concentration to
LST-DI water is expected to result in a dispersion system where ZnO NWs will experience two different
types of forces (one repulsive and other attractive) which will help them to remain separated.

For this experiment, LST-DI water is prepared simply by adding 1 mg of SDS to 5 mL of DI
water. ZnO NW dispersion is by prepared by adding 2 mg of ZnO NW powder in 1200 AtL of LST-DI
water. The reason to experiment with a very small concentration of ZnO NW dispersion in ‘L level
as compared to previous ‘mL‘ level is to keep the density of ZnO NWs high so that the effect of acids
can be observed clearly. 2 ul. of above prepared ZnO NW dispersion was drop-casted on to a cleaned
silicon substrate and initial image is captured with camera of Material Printing System (MPS) [55].
The drop-casted ZnO NW dispersion is in white colour as seen from naked eyes. Then, 2 ulL of acetic
acid, hydrochloric acid (HCI) and sulphuric acid (H2SO4) is added to the already drop-casted ZnO NW
dispersion to keep the proportion same (1:1). It is observed that (H2SO4) dissolves ZnO NWs in all the
proportions. HCI also partially dissolves ZnO NWs, however, these NWs turned into micro-particles
when heated at ~ 220°C as shown in Figure

When acetic acid is added in 1:1 proportion with NW dispersion, it is observed that within few
seconds, the white colour of the dispersion changed to colourless and transparent like LST-DI water
as shown in Figure (b) The agglomerated and dense NW clusters got fragmented into smaller
and highly separated ZnO NW clusters and the ZnO NW dispersion seemed almost transparent which
confirms expected separation tendency between ZnO NWs as hypothesised by us earlier. The ZnO
SNW with length < 10 pm are almost invisible at this scale as shown in Figure [C.2(b). After drop-
casting 0.5 pli of above composition on a silicon substrate and heating immediately at 120°C resulted
into the formation of long (> 10 pum), sharp-edged and highly separated nanowires and micro-wires are

formed as shown in Figure [B.6] Further, acetic acid was added in different volume proportions such as
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d
( ) HCI dissolving ZnO NWs

Si0,/Si

ZnO Micro-particles

= 10 pm"”

Fig. B.5: Optical image showing (a) HCI partially dissolving ZnO NWs (b) NWs converted to micro-particles
at high temperatures

1:1 (0.5 pL acetic acid in 0.5 pL of NW dispersion), 1:10 (0.5 uL acetic acid in 5 uL. of NW dispersion)
and 1:40 (0.5 pL acetic acid in 20 pL of NW dispersion) as shown in Figure It is observed that
acetic acid addition to ZnO NW dispersion in different proportion is resulting long and sharp-edged
NWs and therefore, has capability to modulate the morphology of already synthesized ZnO NWs due
to its different pH range as compared to HySO,4 or HCI ,. The acetic acid dissolved
all the ZnO NWs in those dispersions in which SDS was not added. This is a strong evidence that
the it is the combination of acetic acid and SDS in proper ratios, that is mainly responsible for the
creation of long, sharp-edged and highly distinguishable ZnO NWs . However, the dispersion
containing acetic acid also converts nanowires and micro-wires into ZnO micro-particles when exposed

to high temperatures near ~ 220°C as shown in Figure [B.7|f).
B.2.3 Effect of base addition to ZnO NW dispersion in LST-DI water

To observe the effect of adding base (higher pH substance) on the morphology and separation
tendency of ZnO NWs, 0.5 uL of ammonium hydroxide (NH4OH) was added in 0.5 pL (1:1), 10 puL
(1:20) and 20 pL (1:40) of ZnO aqueous dispersion (1 mL DI water + 3 mg ZnO NW powder). As
observed from the optical images taken from MPS microscope, NH4OH shows no tendency to either
dissolve the NWs or separate them. It forms a ring of ZnO NW mat-cluster of width near 25-50 pm
with small, single and unmodified ZnO NWs scattered randomly along the periphery of the ring as

shown in Figure [B.8 The width of NW cluster ring increases from ~ 32 pm to 60 pm as shown in

Figure [B.§(a,b).
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"ZnO Micro-wires V. =, ! Unevaporated (b)
Due to AA (1:1)

T W im,

* . SiO,/Si

Si0,/Si

Fig. B.6: Optical image showing sharp and long ZnO micro-wires formation after acetic acid addition in 1:1
(a) at periphery of drop (b) in middle portion of drop. AA: Acetic acid

ZnO NWD + AA
{1:10) drop
Si0,/Si

mm 20 ym

Fig. B.7: Optical image showing sharp and long ZnO micro-wires formation after acetic acid addition in (a)
1:1 (a) 1: 10 (c) 1:40 proportion (d) 1:10 drop periphery (e) zoomed-in image of encircled region in (d) (f) ZnO
nanowires converting to micro-particles at higher temperatures. AA: Acetic acid NWD: NW dispersion

B.2.4 Effect of annealing temperature and annealing rate

To observe the thermal stability of ZnO NWs in general, the earlier sample drops (without any acid
or base) in LST-DI based dispersions are heated to first 180 °C and then to 220°C. The ZnO NWs
are thermally stable and their morphological properties are retained till 220°C as shown in Figure
However, it is also observed that SDS (as seen in blue color in Figure[B.9(a) and Figure[B.8) evaporates

at temperatures near 220°C. Further, NW dispersion added with NH4OH is also annealed to 180°C to
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Fig. B.8: Optical image showing formation of ZnO NW mat-cluster ring after NH4OH addition to ZnO NW
aqueous dispersion in (a) 1:20 (b) 1: 40 after heating the drop at 180°C

(a) 200 Nwp. in tsT-Diw || (D) ZnO NWD in LST-DIW
At 180 °C At 220 °C

Fig. B.9: Optical image showing effect of annealing temperature on ZnO NWs at (a) 180 °C (b) 220°C

220°C for 5 minutes and was found that there is no effect of NH4OH on the morphology of ZnO NWs
as observed in the case of acids which converted ZnO nanowires/microwires to ZnO micro-particles.

It is not only the optimized concentration of acetic acid and SDS addition in ZnO NW aqueous
dispersion helps the formation of long, sharp-edged NWs but also the annealing rate. In first case, when
acetic acid is added in proper proportion and annealing is started from 80°C, it is observed that acetic
acid dissolves most of the ZnO NWs completely. However, when a direct annealing is done at 120°C
to the NW dispersion in LST-DI, immediately after the addition of acetic acid drop, the formation of
long, sharp-edged and highly separated NWs takes place.

Figure [B.10] and Figure [B-11] show the initial stage development of printed micro-resistors of ZnO
SNW using MCP technology and the [-V characteristics of a printed resistor and diode of ZnO

NW respectively, after the optimization of ZnO NW dispersion is achieved.
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Fig. B.10: FESEM image of (a) a printed micro-resistor of ZnO NW/AgNP, scale of 10 ym (b) magnified
images of ZnO NW /AgNP channel region, scale of 100 nm. SDS present in blue color in (a)
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Fig. B.11: I-V characteristics of (a) printed micro-resistor (b) printed Schottky diode of ZnO NW /AgNP

B.3 Summary

This work focus on the development of optimization techniques for ZnO NW aqueous dispersion
for distribution of highly separated and distinguishable ZnO NWs and reduction of ZnO NW random
cluster formation, for the fabrication of single nanowire based electronic devices. For this purpose, effect
of different kind of materials such as SDS (surfactant), acetic acid (acid), NH4OH (base), annealing
temperature and annealing rate has been analysed with respect to the morphological changes and
the separation tendency of ZnO NWs. It is observed that SDS reduces surface tension of DI water
increasing the dispersibilty of NWs and formation of long, sharp-edged single NWs. Acetic acid with
SDS in 1:40 to 1:1 proportion with ZnO NW aqueous dispersion, for ZnO NWD drop-casted volume

upto 5 pl, is optimized for ZnO Single NW formation. It is observed that HCI turn NW to micro-
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particles at high temperature and HoSO4 dissolve ZnO NWs completely. ZnO NW micro-mat is formed
by addition of ammonium hydroxide in ZnO NW dispersion in LST-DI water. The ZnO NWs show
appreciable, thermal and structural stability, at temperatures ~ 220°C and immediate heating of drop-
casted dispersion with acetic acid at 120°C helps to form long, sharp-edged, single and highly separated
ZnO NWs.
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C. ZnO multiple and single NW based Schottky diode fabrication

C.1 ZnO NW-uMD fabrication

For the preparation of ZnO NWD, ZnO Nanowire powder is procured from Sigma Aldrich (Product
Id: 773999). DI water having a resistivity > 18 M{-cm is used as a dispersion medium. To improve
the dispersibility of the ZnO NWs and lower the surface tension of DI water, 0.24 mg of Sodium
Dodecyl Sulfate (SDS) is added in 1.2 mL of DI water. The dispersing medium is referred to as low
surface-tension de-ionised water (LST-DI water). Finally, 2 mg of ZnO nanowire powder is added to
the above dispersion.

1 uL of AgNP ink is drop-casted over a cleaned SiOg/Si substrate and annealed from 60°C to
200°C with a rate of 2°C/minute. The annealed AgNP drop is bisected with a sharp edge cutter to
achieve achannel gap varying from 10 to 50 pum followed by drop-casting of 0.5 uL of ZnO NWD over
the channel region at 190°C. The drop-casting is carried out at higher temperature to evaporate DI
water immediately to avoid its interaction with AgNP contact pads in order to keep them intact with
the SiOy/Si surface and to transfer only the ZnO NWs over the channel. The evaporation of aqueous
solutions of SDS depends on various parameters such as concentration of SDS in DI water, hydrophobic
or hydrophilic nature of substrate, the mutual interaction of surfactant to the substrate etc. [187,/192].
Even if the drop-casting is carried out at higher temperatures, the NWD is not completely evaporated
before it touches the AgNP CPs surface. This in-turn results into formation of multiple small droplets
region of NWD which seem to have a higher surface tension that tends the NWs to club together to
form random and highly dense clusters of nanowires which have been referred to as ZnO nanowire
mat. It is noteworthy that several mat-like structures, similar to what is shown in Figure (a),
are deposited in the channel area. This, in turn, increases the effective channel width of the device
and provides a larger surface area for the gas molecules to interact. Figure (b,c) shows the Field
Emission Scanning Electron Microscope (FESEM)(Make: JEOL, Model: JSM-7610F) image of the
interface regions between AgNP CPs and ZnO NW mat. It is observed in Figure [C.I|(b,c) that ZnO
NWs are well placed above the CPs.

C.2 ZnO NW-uBD fabrication

To control the channel dimensions and optimize the fabrication process, ZnO NWD has been
prepared in DI water only and AgNP contact pads are printed using MCP. Two distinct large spots

of AgNP ink with a separation of ~ Imm, are placed on a cleaned SiO2/Si surface and the micro-
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 ZNONWM _“=s 5

C}hannél
gapy

Si0,/Si ZnO NWB

\gNP Right CP

Fig. C.1: (a) FESEM image of a portion of ZnO NW-uMD. Scale: 10 um (b) AgNP left CP interface region
with ZnO NW mat (NWM). Scale: 100 nm (d) AgNP right CP interface region with ZnO NWM. Scale: 100
nm (d) Optical image ZnO NW-uBD with a channel length and width ~ 35 ym and 10 ym (e) FESEM images
of ZnO NW-uBD with AgNP CPs and ZnO NW bridge (NWB). Scale: 100 pm (f) FESEM image of right
interface region between AgNP CPs and ZnO NWB. Scale: 1 ym

cantilever tip position is adjusted just to touch the upper peripheral surface of one of the spots to drag
it closer to the other spot. The similar cantilever-dragging process is applied from the side of other
spot to reduce the gap to ~ 100 ym. When micro-cantilever drags the ink, some ink from the spot
diffuses in its micro-channel through which the gap between the two spots is further reduced to ~ 35
pm by multiple printing and overwriting of a micro-spot over another micro-spot . The printed
structures are annealed in the same manner as reported earlier in this section. The printed micro-spots
act as the AgNP contact pads for the device as shown in Figure d). Further, 3 mg of ZnO NW
powder is dispersed in 1 mL of DI water to prepare ZnO NWD. The SiO5/Si substrate with AgNP
contact pads is gradually heated to 190°C and 20 pL. of NWD is drop-casted over the channel region
to bridge the two contact pads. This device has been referred to as ZnO nanowire bridge (NWB) as
shown in Figure d). Figure (e) shows the FESEM image of ink dragged portion and printed
spot portion of the contact pads along with ZnO NWB. It is clear from Figure (f) that ZnO NWs
are properly interfaced with AgNP contact pads. Thus, the DI water dispersion medium lowers the

process time, makes it simpler and cost-effective.
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C.3 U-ZnO SNW based Schottky diode fabrication

Ag is preferred over other metals as it is comparatively low-reactive, more stable and less expensive
[93]. The optimized NW dispersion (Appendix B) with 0.3 % w/v of ZnO nanowires in DI water is
drop-casted over the SiO2/Si substrate at a high temperature near 190°C to avoid the agglomeration
of NWs into random clusters due to high surface tension in DI water. The optimized ZnO SNWs
solution helps to place the NWs at a reasonable distance on the substrate, which helps in targeting
an SNW for printing metal contact pads to complete the device fabrication. AgNP contact pads are
printed using MCP technology, which uses a molecular printing system (Make: BioForce Nanosciences)
containing a surface patterning tool (SPT) consisting of a silicon micro-cantilever print-head [36,/55].
The micro-cantilever has a 5-10 um wide micro-channels through which the ink to be printed flows
or is temporarily stored. The micro-cantilever is typically 200 pym long and 30-60 pym wide. AgNP
contact pads have been printed using SPT drag printing (SDP) and dip-ink printing with spot overwrite
printing (DIPSOP) modes of micro-cantilever printing (MCP) technology [36].

The micro-cantilever tip can be used to perform SPT drag printing (SDP) and dip-ink printing
with spot overwrite printing (DIPSOP) [36]. A schematic diagram showing the step-by-step process
of DIPSOP and SDP technique is illusterd in Figure (a, b, and ¢) and Figure (d, e, and f),
respectively. The micro-cantilever is kept under UV /Og exposure for at least 30 minutes before using
it for printing experiments to make the surface of micro-cantilever channels solvophilic to the AgNP
ink to ensure that a large density of ink particles remain attached to it during the drag and dipping
process |22]. After selecting a ZnO SNW, ~ 10 uL of AgNP ink is drop-casted as a local ink reservoir
(LIR) ~ 1000 pm away from one of the ends of the selected ZnO SNW. The micro-cantilever is
positioned over the AgNP drop and slowly brought down using the coarse and fine z-axis control
setting in NanoWare software installed with the printing system [55]. Initially, the focus of an optical
camera attached to the printing software is to set much down the microcantilever to focus the drop
and the SiOy/Si substrate. When the gap between the micro-cantilever and the drop reaches less than
100 pm, then both get focussed together. Further, the focus is re-adjusted to the tip of the micro-
cantilever to avoid the spillover (proximity of micro-cantilever and drop may lead direct hit of whole
surface pattering tool to the ink source). Fine z-axis control is used to move down slowly until the
tip touches the AgNP drop peripheral region. When the micro-cantilever touches the upper surface of

AgNP drop, ink particles diffuse inside its vacant micro-channels which reflects the solvophilic nature
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of the cantilever. The micro-cantilever in touch with the ink-drop is dragged very slowly towards the
targeted end of the ZnO SNW to a certain length (~ 500-600 ym). Then the micro-cantilever is slowly
lifted to allow the ink captured inside its micro-channels to come out and get distributed over the
dragged strip [36]. Dragged strip area acquires ink from LIR and thus results in a self-printing of
contacts; the technique can be referred to as SDP assisted self-printing (SDP-SP).

Utilizing SDP-SP, a rectangular contact strip of AgNP is printed, overlapping one end of the ZnO
SNW. The overlap is achieved by stopping the drag of the ink ~ 2 to 5 um before the ZnO SNW
end and allowing the ink to automatically diffuse and self-print the remaining distance with the help
of high ink-density gradient between the micro-cantilever dragged region and the gap-region between
the AgNP ink and ZnO SNW of the substrate. Then the entire substrate is annealed from 50°C to
200°C with a rate of 8°C/minute. If the overlap does not occur at the ZnO SNW interface region, two
to three DIPSOP micro-spots of average diameter ~ 5-10 ym are printed by ultra-fine position. The
micro-spots ensures the targeted hit region such that 1-2 um of the peripheral region of the DIPSOP
micro-spot touches the end of ZnO SNW without completely drowning the ZnO SNW with AgNP ink.
The DIPSOP spots are annealed properly to complete the fabrication of one-side of metal contact.
The steps, as mentioned earlier, are repeated to form the AgNP metal contacts to the other side of
ZnO SNW.

To increase the scalability and ease of reproducibility of abovementioned printing technique, ZnO
SNWs of longer lengths (> 10 pm) can be synthesized. It is relatively easy to print metal contact-pads
with longer SNWs using SDP-SP and DIPSOP processes without any concerns of misalignment of
micro-cantilever contact with the substrate or shorting between two metal pads. Therefore, following
section discuss the fabrication of longer ZnO SNWs with help of acetic acid and SDS in optimized

proportions with the ZnO dispersion DI water.

C.4 M-ZnO SNW based Schottky diode fabrication

Jang et al. have reported the synthesis of ZnO nanowires and nanorods with controlled morpholo-
gies and aspect ratio in low-temperature hydrothermal conditions with the help of different forms of
dodecyl sulfate, such as, sodium dodecyl sulfate (SDS) [95]. Choi et al. have also reported about the
effect of SDS on the growth of ZnO particles by introducing doping of Na ions and improvement in

the crystallinity and photoluminescence of fabricated ZnO nanostructures [94]. Similarly, Edinger et
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Fig. C.2: Effect of acetic acid and SDS on morphology of ZnO NW (a) FESEM image showing formation
of ZnO single-NWs with length > 10 pum and width varying in range of ~ 90 nm to 400 nm after addition of
1:3 acetic acid in ZnO NW dispersion in DI water and SDS (b) FESEM image showing improved separation
between two ZnO NWs

al. have investigated the effect of Acetic acid on the growth rate, morphological and electro-optical
properties of ZnO thin films and have found that Acetic acid favoured (001)-textured films and has
an influence on the roughness and grain-size of the ZnO film [133]. Jiao et al. have also shown that
Acetic acid has a great effect on the physical properties of ZnO thin films by enhancing their growth
rate and modifying the surface morphology .

With the inputs from the above reports, 1 mg of SDS is added in 5 mL of DI water to lower down
the surface tension of the solution. Further, 1.2 mL of this solution is taken out separately, and 2 mg
of ZnO nanowire powder is dispersed in it. This ZnO NW dispersion is treated with Vortex generator
for proper mixing. For simplicity, the ZnO NW dispersion in SDS-added DI water is abbreviated as
low surface-tension nanowire dispersion (LST-NWD). 2 uL of this dispersion is added with the same
amount of Acetic acid and drop-casted on the SiO9/Si substrate. It is observed that the addition of
Acetic acid with LST-NWD in equal proportion can separate the individual ZnO NWs significantly
and form longer (> 10 pm) ZnO NWs, having low-edge roughness, as shown in Figure (a). It
shows a small cluster of individual and longer ZnO NWs with lengths > 10 gm and width near 200-400
nm after addition of Acetic acid in 1:1 ratio with LST-NWD. To further decrease the width of above
ZnO NWs, more Acetic acid is added in 3:1 ratio (6 uL of Acetic acid in 2 pL of LST-NWD). The
addition of higher concentration of Acetic acid results in ZnO single-NWs with width near 100 nm
and length greater than 10 pm with appreciable separation among individual nanowires as shown in
Figure a, b). However, further addition of a higher concentration of Acetic acid results in the
complete or partial dissolution of ZnO NWs in the acid. The ZnO SNWs synthesized using 3:1 ratio of
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Acetic acid to LST-NWD got converted into ZnO micro-particles when heated at higher temperatures,
near 250 °C. This shows that ZnO SNWs synthesized using a higher concentration of Acetic acid are
not thermally stable and hence not suitable for sensing applications at higher temperatures. Therefore,
1:1 concentration of Acetic acid and ZnO NW dispersion in SDS-added DI water is considered as the
optimized concentration to fabricate ZnO single-NW based devices for gas sensing applications. Since
SDS and Acetic acid modify the structure of these ZnO NWs, these are referred to as Modified ZnO
single nanowires (M-ZnO SNWs).
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D.1 Computation for 1-D electron density using 1-D DOS for a ZnO
SNW

The electron density per unit length in a 1-D nanowire semiconductor can be written in energy

space as |162]

np, = / f(E)D1(E)dE (D.1)

where, D14(F) is density of states in 1-D semiconductors like nanowire and is given as [162]

(D.2)

and m* is the effective mass of electrons in ZnO NW which is generally given as m*= 0.39 m., where

me is electron rest mass. Here, f(E) is the Fermi function given as

1

f(E) = 14 cE-Er/kaT (D-3)

where, E. is the conduction band energy, 'kg’ is the Boltzmann constant, £y is fermi level and T is

the temperature in Kelvin. Putting (4,5) in (3), we get nz as follow

(D.4)

ny,

_V2m* / dE
N VE = By(1 + eP 51 /%sT)
Now, total electronic energy E can be expressed as follows assuming parabolic relation between electron

energy and momentum

h2k2

(D.5)

where, h? is reduced plank’s constant given as h?=h/2m, ’k’ is the wave number. From above equation,

Y

we can express wave number 'k’ in terms of energy as

“(EF—-FE
p = V2B B (D.6)
h
Now, integrating for ny, in terms of ’k’, we can write its expression as
o0
\/Qm*kBT e 12de
nr = - (D.7)
1 _|_ eE ny
0
where, € and ny are given as
e=FE—E./kpT (D.8)
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ny=E; — E./kgT (D.9)
Final expression for nj, can be written as
ng = NipF_yi/5(ny) (D.10)

where, Nip is the effective density of states in 1-D nanowire and F_; j5(ny) is the Fermi-Dirac integral

of order -1/2. These are expressed as follows

1 [2m*kgT
Nip = -\ — D.11
e 011

V2de D.12
1/27lf \/_/1+€€ ng ( . )

Since exact analytical solution for F_; 5 integral is not possible, we have used approximate solution of

F_y/5(ny) integral as given below [162]

F_ip(ny) = € (D.13)

Hence, final expression of ny can be written as

ng, = Nipe™ (D.14)
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