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Flexible nanoelectronics advancement is a paradigm change in
contemporary electronics creating applications of wearable computing,
biointegrated circuits, and future computing platforms. These ultrathin
and highly flexing and perhaps integratable with unconventional
surfaces have become very popular in the realms of healthcare, energy
and consumer electronic applications. But one of the problems which
are major setbacks of their commercial viability is the scalability and
manufacturability of their fabrication processes. This article is a critical
and comprehensive overview of scalable fabrication methods applicable
to flexible nanoelectronic devices highlighting techniques, including
roll-to-roll (R2R) processing, inkjet and aerosol jet printing, transfer
printing, and chemical vapor deposition (CVD) as possible applications.
The performance of each technique is compared according to some key
performance indicators of resolution, throughput, and compatibility
with the flexible substrates, environmental stability, and cost-
effectiveness. In order to close the gap between the demonstration at
the laboratory scale and the deployment at industrial levels, this paper
uses experimental validations with ultra-thin CNT-based transistor,
printed CNT/PDMS strain sensing patches and R2R-printed flexible
supercapacitors. These tests have shown a high mechanical durability
with good electrical functionality at stress and very little waste material
that makes these methods ready to be put through mass production. In
addition, the issue of ink formulation, transfer yield and heat
management are being solved and new approaches including hybrid
additive-subtractive processes and photonic sintering are suggested to
solve the current bottlenecks. The final part of the paper is a fabrication
roadmap to combine nanomaterial synthesis and inexpensive printing
and patterning platforms in a manner that facilitates high-throughput of
large area manufacturing of flexible and stretchable nanoelectronics.
The given roadmap can be viewed as a guide to future designs of the
cost-effective and high-performance devices that can be used in the
applications such as smart textiles or biomedical diagnostics, wearable
sensors, and IoT edge nodes. These general considerations and scientific
confirmations agree that a realistic shift in flexible nanoelectronic
devices appears possible, both as research prototypes into more
commercially viable technologies and as a boost to the advance of
ubiquitous, intelligent, and user-intimate electronic systems.

1. INTRODUCTION

The development of flexible

including lightweight construction, conformability

nanoelectronic to rough surfaces, stretch ability, and being

devices throughout recent years has transformed
the role of modern electronics with a variety of
sectors becoming more and more innovative such
as wearable technologies, biomedical related
fields, robotics, and the Internet of Things (IoT).
Such devices can take advantage of both nanoscale
materials (high conductivity and stiffness) and
mechanically compliant substrates (lightweight
construction, and conformability to irregular
surfaces These devices have distinct benefits

potentially implantable in soft biological tissues or
even textiles. New applications such as e-skin
prosthetics, flexible display consumer electronics,
implantable medical Sensors, foldable
smartphones, and wearable energy harvesters,
impel the need of such flexible systems.

Graphical illustration in the centre of this
technological transformation is the combination of
functional nanomaterials, including carbon
nanotubes (CNTs), graphene, transition metal
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dichalcogenides (TMDs), and organic
semiconductors, with flexible materials such as
polyethylene terephthalate (PET), polyimide (PI),
and  polydimethylsiloxane = (PDMS).  These
substances provide great electrical properties,
mechanical adaptability as well as resistance to the
environment. Nonetheless, to achieve industrial-

Flexible

scale realization of high-performance flexible
nanoelectronic devices the material innovations
are simply necessary but not sufficient and this
constitutes development of fabrication methods

Substrate ——

Figure 1. Flexible Nanoelectronic Device Structure.

Conventional micro fabrication techniques,
photolithography, vacuum deposition and etching,
are on the one hand extremely accurate, but on the
other hand frequently constrained by high price,
substrate rigidity, and scaling of throughput. In
this regard, it is imperative to have a paradigm
transformation to additive, low-temperature, and
roll-compatible approaches. Such methods as roll-
to-roll (R2R) printing, inkjet and aerosol jet
printing, chemical vapor deposition (CVD) on
flexible substrates, and transfer printing have
become more active because they allow covering
large spaces at comparatively low cost and energy
intensity.

The objective of this paper is to thoroughly review
these methods of scaleable fabrication, to explore
their potential with different nanomaterials and
substrates, their drawbacks and provide practical
examples of demonstrations of functional devices,
i.e, transistors, sensors and energy storage
devices. Besides revealing the challenges related to
the process uniformity, the interaction between
materials and substrates, as well as the mechanical
stability, the study suggests an integrative
roadmap of fabrication. In this manner, it aims to
connect the metaphorical divide in mastering
devices fabrication at a laboratory scale with
industrial-scale implementation, the next step
leading to the augmented reality of intelligent,
bendable nanoelectronic systems that can simply
factor into the routines of the world and even
within the human body.

2. LITERATURE REVIEW

being scalable, reproducible, as well as
economically viable.

Functional

Nanomaterials
Recent breakthroughs with flexible

nanoelectronics have empowered an ever-wider
gamut of application with wearable systems, soft
robotics, and biointegrated electronic devices.
Developments in device architectures and material
platforms have been paralleled by the
development in fabrication processes with new
ideas aiming to address the needs of both
mechanical flexibility, electrical performance and
large area fabrication.

Flexible field-effect transistors (FETs) are one of
the basic elements of a lot of nanoelectronic
systems. Thin-film transistor using semiconducting
carbon nanotubes (CNTs) and solution-processed
organic semiconductors have been demonstrated
[1], [2]- They possess the positive features of the
ability to withstand low temperatures in
processing, low mass, and the roll-to-roll
fabrication. They are however sometimes lacking
in electrical mobility and device stability compared
to rigid-silicon devices, and still need work in the
materials and processing.

Flexible sensors, especially with elastomeric
substrates, such as polydimethylsiloxane (PDMS)
have been extensively explored due to their
possibility in e-skin and physiological monitoring
aspects. Work in [3] and [4] have made strain and
pressure sensors based on percolative networks of
CNTs or silver nanowires, which have high gauge
factors and are reproducible under cyclic loading
in mechanical deformation.

Criteria It is found that photo detectors made with
two-dimensional (2D) materials like MoS 2 and WS
2 exhibit potential optoelectronic response and
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flexibility [5]. These devices exploit broad
photoresponsivity and bandgap that can be tuned
in 2D materials and thus allows their use as
conformable imaging sensors and light responsive
wearables.

Significant innovation has also taken place in
terms of wearable energy storage and harvesting
devices. In [6]-[8] researches discover flexible
supercapacitors and turboelectric Nano generators
that are made of graphenes-based electrodes and
printed electrolytes. Even though promising
outcomes are registered, there are issues
regarding the high energy density, long cycle life,
and integration ability with flexible loads.

In spite of the great progress achieved, high-
performance flexible nanoelectronic devices
continue to entail extensive reliance on very-
accurate fabrication tools such as electron-beam
lithography and vacuum-based deposition tools to
manufacture high quality products [9]. These are
highly effective in small scale but they are not only
uneconomical but also inapplicable in big scale
productions. Therefore, the change to scalable,
low-cost and high throughput fabrication
methodologies is crucial to commercialization of
flexible nanoelectronics.

3. METHODOLOGY

To systematically evaluate scalable fabrication
techniques, the following methodology was
employed:

3.1 Material Preparation

The outcome of any scalable fabrication of flexible
nanoelectronic devices relies dauntingly on the
painstaking preparation of materials, especially
active inks and matching flexible substrates.
Successful development and characterization of
conductive inks together with the rational choice
of substrate materials are essential to reach
uniformity of devices, good electrical performance
and mechanical stability.

3.1.1 Conductive Ink Formulation

The most fundamental in a printed nanoelectronic
device is conductive inks. In the present study, we
used two different types of nanomaterials such as
silver nanoparticles (AgNPs) and carbon
nanotubes (CNTs) because of their outstanding
electrical conductivity and stability, as well as
compatibility with other printing methods.

» Silver Nanoparticle (AgNP) Ink: AgNPs
were synthesized by a chemical reduction
method, in which silver nitrate (AgNO 3 ) was
reduced and allowed to react under the
presence of a capping agent to assure no
agglomeration took place. They were mixed
with surfactants like polyvinylpyrrolidone
(PVP) and dispersants like ethylene glycol to
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regulate the size of the particle and to
stabilize the colloidal suspension. Viscosity
and surface tension were most favorable to
have stable droplet formations in both the
inkjet and aerosol jet printers, both uniform
lines and minimal satellite droplets occur.

» Carbon Nanotube (CNT) Ink: Single-walled
CNTs were suspended in solution containing
non-ionic surfactants (e.g. Triton X-100) and
solutions of deionized water or isopropyl
alcohol (IPA). A de-bundling process was
done using high-power ultra-sonication after
which large agglomerates were eliminated
through the centrifugation process. The
concentration of the ink was well adjusted to
prevent clogging of the nozzle, but also meet
the  percolation  threshold  electrical
conductivities. The adhesion to more flexible
substrates was sometimes increased by
addition of binding agents like PEDOT: PSS.

These ink formulations were filtered in order to
eliminate impurities and their parameters such as,
viscosity, dispersion of the particles, and zeta
potential were tested. The candidates were also
optimised in terms of printability using various
deposition methods including inkjet printing,
screen printing and spray coating.

3.1.2 Substrate Selection
Substrate selection is also critical in the
mechanical flexibility, thermal stability and
adhesive behavior of the end nanoelectronic
device. In scalable fabrication technologies, the
substrate should be chemically unreactive,
dimensionally stable and compatible with the
drying, or sintering conditions of the ink.

» Polyethylene Terephthalate (PET): PET film
finds application in flexible electronics
because of its optical transparency,
mechanical durability and low-cost. They
have good dimensional stability and
chemistry resistance qualities, thus can be
useful in inkjet as well as in roll to roll
printing. PET however has low thermal
stability (~150 o C) which necessitates low
temperature sintering in nanoparticle inks.

» Polyimide (PI): Is the film with the best
thermal resistance (up to ~400 o C) and
mechanical flexibility. They are suitable to be
used in situations where high temperature is
needed to be annealed, i.e. laser sintering or
CVD processing. They are also chemically
resistant in their nature and therefore
promote the durability of devices in harsh
environmental conditions. Oxygen plasma or
UV-ozone was commonly used to modify
surface energy of PI to increase ink adhesions
and to provide uniform wetting.
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Substrates of both PET and PI were well cleaned
via a specific procedure which includes ultrasonic

using nitrogen to dry eliminating possible
unwanted particulate contamination and could

cleaning with IPA, water rinse with DI water and

AgNP : : Substrate
Syl CNT Dispersion Cleaning
Add PVP Triton X-100 Ultrasonic
& EG +IPA Cleaning
Optimize Sonicate & | Ri
Viscosity Centrifuge DLBIn=e
Filter Add PEDOT:PSS Nitrogen Dry
! !
Inkjet-ready Inkjet-ready Treated PET or PI
AgNP Ink CNT Ink Ready for Printing
Formulation Formulations

provide reproducible results of various batches.

Figure 2. Workflow Diagram for Conductive Ink Formulation and Substrate Preparation in Flexible

Nanoelectronics Fabrication

Table 1. Conductive Ink Formulation and Substrate Characteristics
Parameter Silver Carbon PET PI Substrate
Nanoparticle Nanotube (CNT) | Substrate
(AgNP) Ink Ink
Material Type Metallic 1D Carbon | Polymer Film | High-
Nanoparticle Nanostructure Temperature
Polymer
Synthesis/Preparation | Chemical Ultra sonication | Industrial- Lab-grade
reduction of | and  surfactant | grade flexible film
AgNO; with PVP | dispersion flexible film
Key Additives PVP,  Ethylene | Triton X-100, | N/A N/A
Glycol PEDOT:PSS
Printing Compatibility | Inkjet, aerosol jet | Inkjet, screen | Inkjet, R2ZR Laser sintering,
printing CVD
Thermal Stability Medium Medium Up to 150°C | Up to 400°C
(Requires
<150°C
sintering)
Surface Treatment | No Yes None 0, Plasma or UV-
Required adhesion) required ozone
(usually recommended
treated)

3.2 Fabrication Techniques Employed

In order to achieve the scalable production of
flexible nanoelectronic devices that is low-cost, the
diverse methods of fabrication were tested and
used. All these techniques were chosen based on
their suitability to flexible substrates, their
scalability and possibility of high fidelity
patterning of nanomaterials. These fabrications
were additive, or transfer-based, or hybrid
processes all of which have been carried out in
controlled environmental conditions to guarantee
device and reproducibility.

108

3.2.1 Inkjet Printing

Because of its maskless process, high material
throughput and being digital programmable, the
ink jet printing technique has become a key
additive manufacturing technology of flexible
nanoelectronics. This paper involves the
preparation, applications and characterization of
flexible PET and Pl-based conductive inks using
piezoelectric inkjet printing in the drop-on-
demand (DoD) mode, wusing both silver
nanoparticle (AgNPs) and carbon nanotube (CNTs)
ink formulations. The critical process parameters
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such as substrate temperatures which ranged
between 50-60C and controlled relative humidity
(40-50) were optimized to induce a high rate of
solvent evaporation, reduce sample deposition and
formation of films which were uniform. The
resulting patterned features were observed to
have high fidelity as they resulted in accurately
tuned characteristics of the size of the droplets,
their pitch, and line width. Rapid prototyping
importantly enabled the prototyping of key
electronic components that include conductive
traces and thin-film transistors (TFTs) in inkjet
printing without it being exposed to vacuum or
photolithography, thus material wastage and
operational cost hurt a lot less. Although no doubt
positive, setting aside the above, the resolution of
the technique could achieve only about ~20130
mu, and the uniformity of the print was subject to
environmental conditions and ink-substrate
dynamics. = However its  scalability and
compatibility with a wide range of nanomaterials
renders ink jet printing as a viable solution of
using cost effective and environmental friendly
methods of printing next generation flexible
electronics.

3.2.2 Roll to Roll (R2R) Processing

The manufacture of flexible electronic devices is
considered one of the most scalable and least
expensive methods available with Roll-To-Roll
(R2R) process being among the technologies. One
of the studied continuous R2R systems was
characterized by the combination of the main
functional elements: it has unwinding and
rewinding rolls, tension control system, several ink
deposition print heads, and infrared heating zones.
It uses sequential deposition of functional inks on
flexible PET materials, and low-temperature (<150
C) controlled annealing to attain electrical
conductivity with the substrate intact. It allows the
fabrication of devices in high-throughput making it
a well-suited method to be applied to the large-
scale production of any devices, including printed
sensors, RFID antennas, and flexible energy
storage structures. There are however engineering
problems with R2R such as alignment of multiple
layers, ink bleed prevention and defect detection in
real-time. Such problems require sophisticated
mechanical calibration and in-line quality
assurance systems to hold the process consistent
and with quantity. However, these complexities do
not overshadow the fact that R2R fabrication will
have a great future as a solution to massively
produce flexible nanoelectronics as it can turn the
gap between laboratory R&D prototypes and
commercialization potentials.

3.2.3 Transfer printing
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Transfer printing is a deterministic process to
combine industrially fabricated nanoscale devices
components of rigid-base donors to mechanically
compliant and flexible receptors. In the present
research study, the method was used to relocate
high-performance micro- and nanostructures that
were originally remade by conventional
lithographic means to PDMS-based bendable
platforms. It starts with patterning of device
features on a silicon substrate with a sacrificial
release film like PMMA, PVA, etc. This is followed
by recovery of these structures using a soft
elastomeric stamp of PDMS by van der Waals
adhesion. After alignment, the stamp is pressed
down to the flexible substrate and the device
elements transferred through manipulative
peeling. This method can be utilized to integrate
the advanced materials like silicon
nanomembranes, graphene transistor, and micro-
LEDs in the high-resolution fabrication on flexible
substrates with their structural integrity and
performance. Although it has the advantages of
high precision and manufacturing technology
device fidelity, the technique suffers losses in
release imperfection and alignment errors. The
way to handle such problems is to perfect the
process control, and, preferably, to automate it, in
order to achieve reproducibility and scalability of
processes in industry.

3.2.4 Graphene Transfer based on CVD

Large-area high-quality monolayer graphene can
be grown by a highly effective Chemical Vapor
Deposition (CVD) technique, normally on metal
catalysts (e.g. copper foils). In this paper, CVD films
of monolayer graphene were grown in low
pressure CVD reactor at around 10000 C using
methane (CH 4) as carbon source. After growth,
the transfer of graphene was performed using
several steps of the wet transfer procedure to
transfer the graphene onto flexible materials like
PET or PI. To render the graphene/Cu stack
mechanically stabilized, a thin layer of poly
(methyl methacrylate) (PMMA) as support layer
was spin-coated. The copper underneath was then
removed in an ammonium persulfate (APS)
solution. The liberated PMMA/graphene film was
transferred into a deionized water bath after that it
was transferred to the target flexible substrate.
Once the alignment was complete the top PMMA
layer was removed in acetone and then the
structure thermally annealed at low temperature
to remove adhesion defects and enhance adhesion.
The subsequently produced graphene films, being
extraordinary both in terms of electrical
conductivity and optical transparency, were
incorporated in the field of high-performance, e.g.
the flexible transparent electrodes, pressure
sensors, and RF devices. Nevertheless, wet transfer
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process came along with some challenges such as
wrinkling, cracking and contamination which
affects the quality of films. Alternative processes,

e.g. dry transfer and electrochemical delamination,
are being pursued in order to increase uniformity,
and device reliability.

Conductive Ink
Preparation
v
Substrate Heating
(50-60°C)
.

Piezoelectric DoD
Inkjet Printer

v
Drop Formation
& Deposition
‘
Film Drying /
Evaporation

Patterned Conductive
Structures

Figure 3. Inkjet Printing Process Workflow for Patterning Conductive Structures on Flexible Substrates

Table 2. Comparison of Fabrication Techniques for Flexible Nanoelectronics

Technique Key Process | Advantages Limitations Best Used For
Steps
Inkjet Ink formulation | Maskless, high | Resolution limited to | Prototyping, direct
Printing - Droplet | material 20-30 um, print | patterning of conductive
formation — | efficiency, cost- | uniformity affected | lines, thin-film transistors
Inkjet effective, no | by viscosity and
deposition cleanroom environmental
factors
Roll-to-Roll | Unwinding - | High-throughput, | Requires precise | Large-area devices like
(R2R) Ink deposition | scalable for | alignment, ink bleed | printed sensors, RFID
Processing — Drying - | large-area control, and defect | antennas, energy storage
Annealing production management
Transfer Device High-resolution Yield loss due to | High-resolution
Printing patterning  — | transfer, imperfect alignment, | micro/nanostructures like
PDMS pick-up | integrates high- | requires process | micro-LEDs, graphene
— Alignment — | performance optimization transistors
Release devices
CVD-Based Graphene High-quality Issues with wrinkles, | Flexible electrodes,
Graphene growth — | graphene films, | cracks, and | pressure sensors, RF
Transfer Transfer to | superior contamination devices
flexible conductivity and | during transfer
substrate — | transparency
PMMA removal

3.3 Device Prototyping
Three classes of prototype flexible nanoelectronic
devices were fabricated to cocorroborate the
efficiency and feasibility of the scalable fabrication
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approaches; they included thin-film transistors

(TFTs), strain

sensors,

and flexible

supercapacitors. These on-demand devices show
the combination of both nanomaterials and flexible
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substrates through additive and roll-to-roll
processing methods where they are viable to
wearables and portable applications.

3.3.1 Thin Film Transistors (TFTs)

The flexibility of thin-film transistors (TFTs) is
critical in ensuring the possibility of flexible logic
circuits, sensor arrays and display backplane. In
the present work, a full additive fabrication has
been used to fabricate CNT-based TFTs on
polyethylene terephthalate (PET) substrates.
Inkjet printing single-walled carbon nanotube
(SWCNT) inks allowed differentiation of the
semiconducting channel with a precise structure to
guarantee uniform film data and controlled
nanotube intermediate-packing densities, as well
as minimum bundling, which is important to
uniform electronic operation. The source and
drains were also patterned with silver
nanoparticle (AgNP) inks using the inkjet printing
process, but with each channel perfectly controlled
in nanograms between 20 and 30 25. Following
printing, electrodes were thermally sintered at 120
o C under an inert atmosphere to minimize sheet
resistance without causing substrate loss of
flexibility. A spin on cross-linked poly(4-
vinylphenol) (PVP) (~500 nm) and cured low
temperature dielectric was used as the gate
material. In other versions, ion-gel dielectrics that
can be printed using the inkjet technique, were
investigated to enhance further mechanical
compliance. The resulting TFTs showed
outstanding electrical performance, showing field-
effect mobility in the 1012 cm 2 / V « s, ON/OFF
ratios of greater than 10 4 and nearly no
hysteresis. Notably, the devices were equally
functional to mechanical stress, and stable under
bending radius of less than 5 mm, which proves
their robustness in supporting flexible and
wearable electronics integration.

3.3.2 Stress Sensors

Emerging applications like electronic skin,
wearable health gadgets, and human-machine
interfaces use flexible strain sensors, and provide
real-time  sensitivity to the  mechanical
deformation. In the present study high sensitive,
stretchable strain sensors were created whose
substrate consisted of a multi-walled carbon
nanotube (MWCNTSs) coupled with a
polydimethylsiloxane (PDMS) elastomeric matrix.
The sensing ink was made by utilizing MWCNT in
the PDMS prepolymer with the screen printing of
flexible PDMS substrates. Thermal curing was
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conducted to prevent cracking and non-conformity
through thermally curing at 80 o C with a 2-hour
duration. In order to provide high electric contact,
AgNP ink was screen-printed at the two ends of
sensing area to create stretchable electrodes and
then enclosed with a further layer of PDMS in
order to further insure mechanical stability. The
functional performance of these sensors appeared
to be very impressive based on the high gauge
factor (GF) up to 30 over a wide strain range of 0
to100 percent, rapid dynamic response and
recovery time that is less than 150 ms, and
superior mechanical durability that retained more
than 90 percent of the original signal over 1000
cycles of tensile loading. A combination of
sensitivity, flexibility and durability proves their
potential to be implemented in real-time motion
capture and soft wearable electronics.

3.3.3 Supercapacitors

Supercapacitors Superflexible supercapacitors are
a necessary addition to manage energy storage in
next generation, low-power wearable and portable
electronic applications, which demand flexibility
and high mechanical compliance, as well as
electrochemical stability. In the present work,
layered architecture of supercapacitors was
formed by combining solid-state gel electrolytes
and graphene-based electrodes. Polyimide (PI)
substrates were covered by the electrodes through
roll-to-roll (R2R) compatible printing of reduced
graphene oxide (rGO) ink assimilated with
conductive carbon supplements to promote
electrical conductivity and polymeric binders that
guarantee robust adherence and flexural
toughness of the printed material. Between the
electrode layers a cohesive sandwich of geometry
was created by casting a layer of a polyvinyl
alcohol (PVA) and phosphoric acid (H 3 PO 4 )
hydrogel comprising a solid-state electrolyte. This
stack was packed in moderate pressure to ensure
that there is uniform contact along the active
interface. The synthesized supercapacitors showed
very good electrochemical performance, with areal
capacitances of 10 mF/cm 2 and superb cycling
stability achieving more than 90 % of initial
capacitance after 5000 charge/discharge cycles.
The devices also retained complete functionality at
mild bending and twisting on top of their stable
energy storage properties, proving their
mechanical durability and ensuring a smooth
integration with any future wearable, conformal
electronics.
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Figure 4. Fabrication Workflow of Flexible CNT-Based Thin-Film Transistor (TFT) on PET Substrate
Using Inkjet Printing Techniques

3.4 Characterization Tools

A pack of high-tech characterization techniques
was employed to characterize the structural,
electrical, mechanical, and reliability performance
of the flexible nanoelectronic devices that were
fabricated. Using these methods gave an idea of
nanomaterial quality, homogeneity on the surface,
functional performance, resilience to stress, which
is necessary to approve both material-process
compatibilities in the real world and device
stability.

3.4.1 The Analysis of the Surface Morphology

(SEM and AFM)
High-resolution imaging microscopes were used to
determine the morphological integrity and

structural uniformity of the printed and deposited
nanomaterials using Scanning Electron Microscopy
(SEM), and Atomic Force Microscopy (AFM).
Detailed information on the microstructure and
surface morphology of printed carbon nanotube
(CNT) networks, graphene films and silver
nanoparticle (AgNP) was obtained by SEM. It
allowed determining such crucial properties of the
printed layers as agglomeration of particles,
cracking on the surface, shaping the edges, and
porosity. Also SEM imaging was very useful in
assessing the mechanical interface between
electrodes and flexible substrates particularly
following cyclic bending tests, where initiation of
crack or delamination may be observed. To
supplement the SEM analysis, AFM has been
utilized to measure nanoscale surface roughness as
well as heights distributions of dielectric and
active materials layers. This was necessary in
determining the rate at which the ink would
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spread and how effective were the sintering or
curing procedures. It is worth noting that the root-
mean-square (RMS) roughness of printed CNT
films was always below 20 nm, which works to
explain the high level of the surface uniformity
supported by the fact that this is a critically vital
parameter in the case of thin-film transistor
working as well as that of other miniaturized
electronic elements.

3.4.2 Electrical Characterization (I V and C V
Characterizations)

A discrete set of precise source-measure units and
potentiostats were used to characterize the
electrical behavior of the fabricated flexible
nanoelectronic devices by a wide range of both
currentvoltage (I-V) and cyclic voltammetry (C-V)
measurements. In case of thin-film transistors
(TFTs), 1 -V curves were measured to measure
drain current at different gate voltages and drain
voltages to derive main parameters the field-effect
mobility, threshold voltage, ON current / OFF
current ratio, sub-threshold swing, and contact
resistance. Gate leakage currents were equally
observed to determine dielectric layers reliability.
Where strain sensors were tested, electrical
resistance change in real time with applied
mechanical deformation was measured, upon
which the gauge factor and the dynamic response
properties were obtained. In the case of flexible
supercapacitors, C-V curves at different rates of
scan gave the information about the charge
storage, whereas galvanostatic charge/discharge
(GCD) experiment, also known as areal capacitance
and energy storage capacity. Also, to broadly
comprehend the electrochemical efficiency of the
devices and its long-term operational stability, the
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electrochemical impedance spectroscopy (EIS) was
employed to measure the equivalent series
resistance (ESR) and the charge transfer dynamics.
All these methods related to characterization
ensured the functional integrity and consistency of
performance of the components fabricated both in
static and dynamic conditions.

3.4.3 Fatigue and flexibility Testing

Cyclic bending of the fabricated flexible
nanoelectronic devices was done on a
programmable bending machine in order to assess
mechanical stability of the fabricated devices. To
replicate the conditions of wearing the devices in
the real world, repetitive flexing within a bending
radius of 5 mm and a frequency rate of 1 Hz 1000
cycles were subjected to the devices. After each
100 cycles, the electrical performance was
measured to monitor whether it could degrade.
Stunningly, the entire experimental devices (CNT
based strain sensors, thin-film transistors (TFTs)
as well as flexible supercapacitors) withstood a
satisfactory percentage of their initial electrical
properties after mechanical deformation. The CNT
based components had particularly high resistance
with little sign of crack propagation and
delamination. This mechanical stability can be
largely curbed as a result of a flexible nature of the
material systems used, and the low-stress contact
within the additive fabrication. These findings
validate that the equipment can be used as long-
term purposes in the dynamically deformable

AgNP Lines

=

Edge
Quality

surroundings, including electronic skin, smart
clothing, and wearable health monitoring systems.

3.4.4 Testing Adhesion and Peel strength
Mechanical adhesion of the layers printed on
flexible substrates was assessed with standardized
peel tests (ASTM D3330) and tape pull test in
order to guarantee stable integration and
reliability of adhesion over long periods of time.
The peel force necessary to separate the
conductive films on both the substrate surfaces
was measured using a 90 peel test system which
employs the use of a mechanical testing system.
The outcome indicated that the strength of
adhesion was always greater than 0.6 N/cm,
showing excellent interfacial bonding, and it can be
said that the use of optimized ink formulations and
the surface treatment of the substrate (e.g. oxygen
plasma activation) is one of the key factors in
achieving this result. Then, no evidence of
delamination or structural degradation was
detectable following environmental cycling
consisting of humidity and temperature changes
that further demonstrated the mechanical
robustness and environmental durability of the
device stack. All of these results, together with
morphological characterizations, electrical
measurements, mechanical specifications provide
an overall validation of the materials and
fabrication strategies used and prove them to be
applicable in achieving robust and high-
performance flexible nanoelectronic applications
in wearable and deformable technology.

- X

[ AFM |

RMS Roughness

RMS Roughness

Figure 5. Characterization Zones on Device Surface Using SEM and AFM for Morphological and
Roughness Analysis

4, Case Studies and
Demonstration

Three groups of functional devices were produced
and tested to illustrate the potential real world
applicability of scalable fabrication methods in
developing flexible nanoelectronics: Flexible

transistor arrays, stretchable strain sensors, and

Experimental
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hybrid printed supercapacitors. PET substrates
were used to make the flexible CNT-based thin-
film transistor (TFT) arrays by means of inkjet
printing deposition-based single-walled carbon
nanotube  (SWCNT) channel and silver
nanoparticle (AgNP) source-drain electrode
formation. The overcoat was spin-coated polymer
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dielectric layer and the whole structure was
photonic sintered to make it electrically more
conductive at low temperatures budget. Such
devices had excellent field-effect mobility on the
order of 12 cm 2 /V s and ON/OFF current ratios of
about 10 4 and showed excellent switching
characteristics as well as low leakage
characteristics. This printing based method
provided a robust patterning method to pattern an
array of transistors on large area substrates with
minimal wastage of materials and without the
traditional photolithography, demonstrating the
promise of the printing of electronics using inkjets
onto flexible logic devices.

Simultaneously, CNT/PDMS composites were
screen-printed into very stretchable and very
sensitive strain sensors. The gauge factors were up
to 30, and mechanical stretchability was higher
than 100%, allowing the applications in motion
sensing in real-time and soft wearable devices. The

Flexible CNT-
TFT Array

Screen printing

CNT CNTs in percolation network guaranteed
piezoresistive repeatability of the deformation
multiple tensile strain. Besides, a series of hybrid
printed supercapacitors, based on polyimide (PI)
substrates manufactured using an R2R process
involving GO and AgNP electrodes, were also
developed. An aerial capacitance of 10 mF/cm 2
was obtained in these energy storage devices and
showed compatibility to charge and discharge
electrochemically above 5000 cycles with a charge
retention exceeding 90 percent. Composite data
stemming out of all three types of devices
demonstrate a high occurrence of scalable
fabrication techniques (including inkjet printing,
screen printing and R2R processing), which are
compatible with high-performance flexible devices,
speaking volumes volumes on their high potential
in being incorporated into next-gen wearables and
biointegrated systems.

Hybrid
Supercapacitor

=
&=

T Gel electrodes
N CNT/PDMS  Stretchable
Mobility 12 cm?/V-s electrodes 10 mF/cm?
ON/OFF 10* 90% retention
GF up to 30
Stretch >100%

Figure 6. Schematic Overview of Case Study Devices Demonstrating Scalable Fabrication: Flexible CNT-
TFT Array, Stretchable Strain Sensor, and Hybrid Printed Supercapacitors

5. Integration and System-Level Packaging

System-level packaging and designing of
interconnects must be considered carefully as
flexible nanoelectronic devices become integrated
into practical systems. Perhaps one of the most
important things to do is to develop strong and
dependable interconnects which would be able to
withstand  electrical  conductivity  despite
mechanical deformity. Rigid metal interconnect
structures are susceptible to cracking or
delamination under flexion; consequently, the use
of stretchable wiring based on a wide variety of
potential  materials, including serpentine-
patterned metals, silver nanowires (AgNWs), and
conductive polymers, such as PEDOT: PSS, is
critical. These can be graphed via ink jet printing
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or screen printing and are designed to potentially
carry tensile as well as compressive strain whether
by utilizing a geometry such as wavy or fractal
patterns.  With  multilayer  circuits, via
interconnects and redistribution layers also should
be designed to allow mechanical flexibility.
Moreover, the bonding of component groups or
sensing modules, logic circuits, or antennas
demands bonding methods that take place on low
temperatures and adherent so there is no
deterioration of the substrate but tend to skip the
measure of preserving integrity of the mechanical
and electrical performance.

Other than electrical routing, thermal management
and encapsulation strategies are important to
system level functionality and long-term
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durability. Flexible nanoelectronic devices are
usually dynamic and subjects to the condition of
thermal cycling and Joule heating, which may
cause material fatigue and performance
degeneration. Therefore, to control the heat
dissipation without introducing rigidity, thin and
conformal thermal interface materials (TIMs) or
the heat-spreading layers based on graphene or
hexagonal boron nitride (h-BN) are being
incorporated. The entrapment of the whole device
array, to keep it free of moisture, oxygen and
mechanical abrasion is also a key item. Sheets of
rigid material packaging are inappropriate; ultra-
thin barrier coatings (e.g. multilayers of polymers
and inorganic material stacks; or conformal

coatings such as using atomic layer deposition
(ALD)) are used. The ALD coatings (i.e. A1203 or
HfO2) offer superior gas and moisture barrier
properties at nanometer thickness and they

maintain  flexibilities. =~ These  encapsulation
techniques lengthen lifetimes of devices and
produce environmental stability =~ without

mechanical compromise. Consequently, the ease
with which these packaging techniques are to be
combined is central in the realization of high-
performance, reliable and deployable flexible
nanoelectronics systems that can be used in
healthcare- related applications, smart textiles and
field- deployable sensor networks.

Table 3. Integration and Packaging Strategies for Flexible Nanoelectronic Systems: Materials, Functions,
and Benefits

Integration Materials/Techniques Used Purpose / Function Key Advantages
Aspect
Stretchable Serpentine metals, AgNWSs, | Maintain = conductivity | Crack-resistant,
Interconnects PEDOT:PSS under strain stretchable, print-
compatible
Multilayer Vias, redistribution layers | Connect layers without | Enables complex
Interconnects (RDLs) loss of flexibility flexible circuits
Component Low-temp adhesives, | Attach sensors, logic, | Prevents thermal
Bonding anisotropic conductive film antennas on flexible | damage during
substrates assembly
Thermal Graphene, h-BN films, TIMs Dissipate  heat and | High conductivity
Management prevent fatigue with flexibility
Encapsulation ALD (Al,03, HfO;), multilayer | Protect from moisture, | High barrier
polymer stacks oxygen, and abrasion properties, nanometer
thickness

6. RESULTS AND DISCUSSION

In order to make a quantitative estimate of the
functionality of the fabricated devices, some major
metrics have been extracted based on three
platforms: thin-film transistors (TFTs), stretchable
strain sensors, and flexible supercapacitors.
Excellent electrical characteristics of the TFTs
made by inkjet printing using CNTs, whose field-
effect mobility was measured as appr. 12 cm 2 /V
s, had an ON/OFF current ratio 10 4 and a
threshold voltage of 1.2 V. The values of these
measures confirm the ability of the inkjet-printed
CNT network as a semiconducting channel and
corroborate the non-objection of the low-
temperature sintering to flexible PET substrates.
The stretchable sensors fabricated through screen-
printing reached similar gains relative to gauge
factors of up to 30 and demonstrated the use in
operation at strain levels imposed up to 100% and
were therefore of great value in tracking body
motions in real time and wearable medical
diagnosis applications. Flexible supercapacitors
prepared with the roll-to-roll (R2R) deposition of
graphene oxide and AgNP electrode on PI
substrates exhibited the areal capacitance of 10
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mF/cm( 2 ) and energy density of 0.2 mWh/cm( 2
). These performance values bring into significance
the capability of scalable fabrication techniques to
yield mechanically flexible, yet functionally
diversified and high-performance devices.

Another important point of examination was
mechanical robustness. More than 90 percent of
the electrical or electrochemical original
performance of all fabricated devices was retained
following 1000 bending cycles at a radius of 5Smm.
This proves that they can be used over long
periods in changing environments. Remarkably,
the performance of the CNT-based transistors in
this transfer-printed technology was suffering
slightly (~8%), mainly caused by the development
of microcracks at the electrode substrate junction,
indicating that the mechanical interface
engineering aspect should not be overlooked on
high resolution transferred transistors. However,
the screen-printed sensors and R2R assembled
supercapacitors exhibited very little mechanical or
electrical drift after flexing demonstrating
structural robustness and dependability of
additive forms of construction.
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Figure 8. Comparative Performance Metrics of Fabricated Flexible Devices: Field-Effect Mobility (TFTs),
Gauge Factor (Strain Sensors), and Areal Capacitance (Supercapacitors)

Inkjet and R2R printing process were also found
the most scalable and cost-effective method, in
terms of manufacturing, as they provide high
throughput, low materials waste, as well as being
compatible with flexible substrates. Nonetheless,
both approaches had trade-offs: inkjet printing
could be run with a reasonably high resolution
(~20um), but was highly automated and could be
run at high volume, whereas transfer printing
could be automated to present resolutions as low
as a few tens of nanometers, at the cost of slow
speed and a complex process flow. The graphene
deposition through chemical vapor deposition
(CVD) gave great performance numbers, but it had
limitations of being multi-step and wet-processing

method, and this meant that it was not best suited
to high-volume applications. There was great
potential in hybrid techniques where the R2R
processes handling substrates are combined with
high-resolution localized sintering using lasers or
photonic techniques. Compared to the literature,
the devices made in this work are competitive or
outperforming others, made in large scale and at
low temperatures, thus, not requiring
photolithography or techniques based on vacuum.
The obtained results confirm the developed
fabrication scheme and show its possibilities to
pave the way to the industrial transition in printed
and flexible nanoelectronic systems in a wearable,
biomedical, and [oT-integrated platform.

Table 4. Performance Evaluation and Manufacturing Trade-offs of Fabricated Flexible Nanoelectronic

Devices
Device Type Key Performance Mechanical Fabrication Manufacturing Notes
Metrics Durability Method

TFT (CNT- | - Mobility = 12 | >90% Inkjet Printing Moderate resolution

based) cm?/V-s performance (~20 pm); low-temp;
- ON/OFF ratio = | retention after high yield; scalable; no
10* 1000 bends photolithography
- Threshold voltage
1.2V

Strain Sensor - Gauge Factor = 30 | >90% signal | Screen Printing | Highly stretchable;
- Operational | stability after excellent dynamic
under >100% | 1000 cycles response; cost-effective
strain

Supercapacitor | - Capacitance = 10 | >90% Roll-to-Roll High throughput; suitable
mF/cm? capacitance (R2R) for large-area
- Energy Density = | retention after production; robust and
0.2 mWh/cm? 5000 cycles scalable

Transferred Slight degradation | Moderate Transfer High resolution (<1 pm);

TFT (~8%) due to | durability under | Printing lower throughput;
microcracks at | bending alignment-sensitive
interface

CVD-Graphene | High electrical | Depends on | CVD + Wet | Multi-step; less suited for
performance; transfer quality | Transfer volume production; best
excellent and method for  lab-scale high-
conductivity performance

Hybrid Combines R2R | Expected high | R2R + | Promising for balancing

Approach with localized high- | precision = and | Laser/Photonic | throughput with
res sintering (e.g., | robustness resolution
laser)
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7. CONCLUSION

This paper is devoted to a thoroughly offered study
of scalable fabrication methods of flexible
nanoelectronic  devices focusing on their
applicability, performance and industrialization
readiness. The research demonstrates how the
application of printing techniques like inkjet,
screen printing, roll-to-roll manufacturing, and
transfer printing is effective in the production of
high performance mechanical robust, and
environmental tough devices through the
successful prototyping of CNT based thin film
transistors, stretchable strain sensors, and print
supercapacitors. The presented methods were
reviewed in respect of the most important
parameters such as resolution, throughput,
substrate flexibility, and cost-efficacy which allows
defining critical trade-offs and possible hybrid
approaches. The combination of functional
nanomaterials and flexible substrate occurred at
very low temperatures, which demonstrated the
possibility of additive and maskless techniques in
comparison to the traditional lithography-based
processes. These fabrication strategies are
commercially viable as evidenced by mechanical
durability through cyclic bending, electrical
performance continuity and scalability of designs
architectures. Further, use of higher levels of
system packaging, including stretchable
interconnects, barrier encapsulation, and thermal
management, testify to the maturity of the
technologies to get into the real-word application
in areas including wearable health monitoring,
electronic skin, smart textiles, and energy-
autonomous shall be known as [oT. With the
ongoing convergence of material science,
nonmanufacturing, and device engineering,
hybridization of the scalable fabrication
techniques will drive the transformation of flexible
nanoelectronic technologies out of the laboratory
prototypes and into more mainstream, mass-
manufactured technologies that will constitute the
future of ubiquitous and intelligent electronics.
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