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Abstract

In the field of electronic materials, metal nanowires have been extensively
studied for both their syntheses and their properties in electronic composites and
devices. This dissertation addresses challenges in the field of electronic materials
development with the use of copper nanowires synthesized in gram-scale synthe®s, as
well as provides analysis of devices and compositesthat could only be feasibly
manufactured thanks to the large-scale syntheses.

In the field of printed electronics, there has been research into the development
of full y printed memories. One of the challenges has been developing a memory that
has switching characteristics that are on par with existing commercial memaories, such as
Flash memory. This can be achieved with a composite of Cu-SiOz2 hanowires dispersed
in ethylcellulose, which acts & aresistive switch when between printed Cu and Au
electrodes. A 16cell crossbar array of these memristors was printed with an aerosol jet.
The memristors exhibited moderate operating voltages (~3 V), no degradation over 104
switching cycles, write speeds of 3 us, and extrapolated retention times of 10 years. The
low operating voltage enabled the programming of a fully printed 4 -bit memristor array
with an Arduino. The excellent performance of these fully printed memristors could

help enable the creation of fully printed RFID tags and sensors with integrated data



storage. Thanks to the large-scale synthesis of copper nanowires, thiscan allow for the
expanded production of high -quality, full y printed memories.

Materials that retain a high conductivity under strain are essential for wearable
electronics. | describe a new conductive, stretchable composite consisting of a CuAg
core-shell nanowire felt infiltrated with a silicone elastomer. This composi te exhibits a
retention of conductivity under strain that is superior to any composite with a
conductivity greater than 1000 S cm?®. This work also shows how the mechanical
properties, conductivity, and deformation mechanism s of the composite changes as a
function of the stiffness of the silicone matrix. The retention of conductivity under strain
PEUwi OUOEwWUOWET EUT EUTIl wEUWUT 1 w8 OUBT ZzUWOOBEUOUU WO
attributed to void formation as a result of debonding between the nanowire felt a nd the
elastomer. The nanowire composite was also patterned to create serpentine circuis with
a stretchability of 300%. Composites of this scale and density could only be feasibly
manufactured thanks to large -scale syntheses of copper nanowires and the Bver coating
of copper nanowires. With the advances made in the quality of stretchable conductive
composites, alternate methods were employed as tomanufacture new composites and
structures, such as the cofiltration of nanowires and waterborne rubber to accelerate
production, or t he manufacturing of Cu -Ag nanowire aerogels with density tunable via

the aspect ratio of the nanowires.
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1. Intro duction

As the field of electronics expands, so too does the field of materials science and
materials chemistry in order to develop and sy nthesize materials for improved
electronic devices. For example, research into semiconductor materials was and
continues to be essential to the development of modern computing, allowing for the
transition from large, vacuum -tube based computers down to the microchips and
nanoscale tran® UUOU U wb i wUIT 1 wA thé&ddémdndifqr BleatEohicrdbvicésU 6 ww
with capabilities such as flexibility, reduced cost, and improved ease of processing
increases, so too does the demand for the development of novel electronic materials that
can allow for the manufacturing of such devices.

One of the branches of materials chemistrythat has undergone extensive
research and development in recent years is the synthesis of metal nanomaterials,
specifically metal nanowires. These one-dimensional structures can bemade from a
variety of metals, but a great deal of research has focused upon the synthese and
application s of silver nanowires (Ag NWs) and copper nanowires (Cu NWs). One of the
greatest advantages of metal nanavires is that they can be used in gplications that may
require the use of metals, but can be used at reduced volume while retaining certain

beneficial bulk properties, such as high electrical and thermal conductivity. - Likewise,



metal nanowire networks can have unique properties that are not seen in bulk metal
structures which allow for expanded device capabilities, such as transparency,
flexibility , and stretchability .47 For example, low-density networks of conductive metal
nanowires can act as a replacement for indium tin oxide (ITO) for transparent
conductors. Not only can the use of metal nanomaterials be cheaper than the use of ITO,
specifically due to the high costs of indium production and the sputtering processes
requires to deposit ITO, the conductivity and transparency of Ag NW films can be
competitive with ITO fil ms.89 In addition, conductive nanowire networks can be readily
solution coated or printed, & %11 which allows for greater ease of production and more
rapid prod uction than devices manufactured using evaporated or sputtered conductive
materials. As the demand increasesfor electronic devices with expanded capabilities
and reduced processing costs, metal nanowire networks can fill such niches for new

devices.

1.1 Large scale synthesis of Cu NWs and applications

Cu NWs have come into great focus within the Wiley lab, due to the
development of large -scale, multi -gram syntheses that are faster, cheaper, and greener
than those of other metal nanowires, which allows for the development of large-scale

and highly -concentrated composites using Cu NWs as a filler material. For example, the



challenge with most metal nanowire syntheses are the time, temperature, and media
suitable for nanowire formation and growth , as well asthe maximu m length of the
nanowires after reaction completion. One of the main competitors for Cu NWs are Ag
NWs, and there are significant challenges in the large-scale synthesis of Ag NWs.
Previous studies that have looked into large-scale, electricaly conductive composites of
Ag NWs for gel -basedand scaffold-based networks!z14 all used a specific polyol
synthesisfor Ag N W production for the scale they found necessary This process
requires reaction temperatures in excess of 20 °C, a non-aqueous reaction media of

glycerol, and results in NWs limited to length to approximately 15 pm. 15



Figure 1: Large-scale synthesis of Cu NWs. (a) Circulating water bath set up for the 10

L synthesis of Cu NWs. Ins et shows approximately 22 g of Cu NWs purified from the

reaction. (b) Dark -field optical microscopy image shows the Cu NWs have an average
length of 45 £ 15 pm. (c) An SEM image shows the Cu NWs have a diameter of 240 +
95 nm.%The large-scale synthesis ofCu NWs avoids most of the problems associated

with the large-scale Ag NW synthesis. For example, as seen in Figure 1, there has been
recent development of a large-scale synthesis that is capable to producingCu NWs at a
scale of 4.4 g/hr in a 10 L reaction vessel This is done at a cost of less than $7 per gram,
is performed at 60 °C in agueous media, is more environmentally friendly than other Cu
NW syntheses by replacing hydrazine as a reducing agent with glucose!” and produces
NW s that are over 40 um in length.2® Thanks to this synthesis, the manufacturing of

electrically conductive 3D printer filaments, using Cu-Ag core-shell NWs (Cu-Ag NWSs)



as a conductive filler in polycaprolactone (PCL) thermoplastic , is both physically and
economically feasible. Thanks to the use ofCu-Ag NWSs, these conductive 3D printer
filaments are 100x more conductive (0.002 a&m) than commercially available
conductive 3D printer filaments that use graphene as a conductive filler.1¢ Additionally,
as seen in Figure 2, theCu-Ag NWs grown i n this reaction leads to filtered NW
networks with conductivities comparable with Ag NWs when both are deposited at
room temperature. The synthesis of these specific Ag NWsrequires 6 h at 13 °Cto
grow to approximately 27 um in length and must be performed in ethylene glycol .18 For
reference, both of these networks surpass the conductivity of networks based on silver
nanoparticles (Ag NPs) at low temperature, which mandate high -temperature annealing
for high conductivity .1° This allows for the deposition of high -conductiv ity networks
with lo w-temperature processing techniques, which is beneficial for printing on
sensitive or biological substrates1¢22 With such capabilities available thanks to large-
scale, low-cost, and low-carbon footprint syntheses of Cu NWs, there are many avenues
opening up that allow for the implementation of copper and copper -based nanowires, as
well as scientific exploration as to the behavior of large-scale and high-density Cu NW

composites.
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Figure 2: Resistivity vs. sintering temperature for 41 pm Cu -Ag NWs, 27 um Ag NWs,
and Ag NPs. Cu-Ag NW and Ag NW results are from experiments using felts , Ag NP
results are from a dropcasting technique described in Stewart et. al.1®

In Chapter 1, | introduce a background of how Cu NWs can be applied in the
development of improved electronic composites for applications in printed and
stretchable electronics. In Chapter 2, | focus on the development of memristors using
copper-silica core-shell nanowires (Cu-SiO2 NWs), from preliminary analysis of the
memory properties of the nanowires, towards the manufacturing of a full y printed and
programmable memory array. Through this, we achieved high performance metrics
competitive with Flash memory, all while using materials that can be printed via

aerosoljet. Next, in Chapter 3, | focus on how Cu-Ag NWs can beintegrated into



stretchable conductive composites. Thanks to the multi-gram synthesis of Cu NWs and
the ability to filter the nanowires into a free -standing, felt-like material, we were able to
manufacture a stretchable conductive composite with high conductivity , high retention
of conductivity after strain cycling , and can be patterned into stretchableLED circuits.
Finally, in Chapter 4, | compare the results of this stretchable conductive composite from
Chapter 3 relative to a novel manufacturing technique of cofiltering na nowires with
waterborne rubber, as well as how the density of Cu -Ag NW aerogels, a potential
competitor for Cu-Ag NW felts, can be manufactured and modified by tuning the

dimensions of the Cu-Ag NW s.

1.2 Cu-SiO2 NWs for Fully Printed Memory

Printed electronics enables the rapid prototyping of circuits on a wide variety of
curved and flexible substrates, as well as the scalable and lowcost production of simple
eledronic components or devices.z2 Examples of printed electronic devices include
circuit boards, 2 transistors,?> sensors?é radio frequency identification tags (RFID), 27 solar
cells 28 light emitting diode s transparent electrodes}’” touch screens3? amplifiers, 3t
batteries 32 flexible displays 32 and implan table bioelectronic devices3* An ongoing
problem with printed electronics is the development of materials and processing

methods that enable fully printed electronic components to have properties that are



comparable to their silicon-based counterparts, or at the very least, properties that are
sufficient for practical use.

An area of printed electronics in which additional development is necessary is
printable non-volatile memory, which will be essential for the development of fully
printed RFID tags, e-paper, and sensors with integrated data storage 353 While full y
printed one-bit RFID tags have been previously researched, as antennas, rectifiers, and
ring oscillators can be readily printed, as seen in Figure 33 in order to develop a fully -
realized multibit RFID tag, a memory component is required. Additionally, a non-
volatile memory devi ce is preferable as to not requirea printed battery, as volatile
memory devices would require a continuous source of power as to retain data. One
approach to creating a printed memory is by polarizing selected areas in a ferroelectric
polymer film, such as those made from poly(vinylidene fluoride) (PVDF) and its
copolymers with trifluoroe thylene (TfFe).383° Printed ferroelectric polymer memories
have write speeds as short as 5 m§? can be switched for as many as 10cycles 38 require
high operating voltages (>15 V)3 and exhibit short retention time s (<1 h)# A second
approach to creating a printed memory is the creation of a film that enables the trapping
of charge in graphene oxide,* polymer, 42 or nanoparticle -polymer composites.3® These

devices can be operated at voltages as low as 1.¥,3 switch for up to 103 cycles have



wr ite speeds as fast as 10 m& and most retain charge for a few days. Kim et al.
reported a charge-trap based memory that could retain an ON -OFF ratio of ~1C for
about 1 year, but this memory required 100 V to switch over a period of 1 s, and could
only be switched for 50 cycles*' In comparison, Flash memory exhibits write speeds of 1
us, retention times of 10 years, and can be cycled at least Xdimes.* While there is some
promise with these full y printed memories, alternative mechanisms for data storage are

desirable in order to be competitive with Flash memory.



Figure 3: Schematic illustration of roll -to-roll gravure -printed antennas, electrodes,
and wires using the silver -based conducting ink and printed dielectric layers on
selectively designated spots using high -F WE D1 O1 E U U BprinedRFiabs& U wi VOO
A third approach to making a printable memory is to utilize materials that

exhibit resistive switching; devices based on this mechanism are often referred to as
memristors.#¢ Typical memristors consist of a solid electrolyte between two metal
electrodes, and are made using vapor-phase methods that allow for the creation of a
very thin (30-50 nm) solid electrolyte layer.4” Memristor devices made with vapor -phase

methods have exhibited write speeds as small as 0.1 ns (1000x faster than Flaship to

10t switching cycles, and data retention times of up to 10 years. These performance

1C



metrics indicate resistive switching is one of the most promising approaches to realizing
a high-performance full y printed memory. To create fully printed memristor devices,
the metal electrodes are typically made with Ag NP and Cu NP inks,*® and the solid
electrolytes are made from metal oxide nanoparticles such as TiQ,4850 ZrQ 2,5 ZnQO, 52
CuOx,53 and MoO«/Mo0S2.54 Although a TiO 2 based device reported a switching speed
faster than Flash (250 ns), it retained information for only 3 h, and required a sintering
temperature of 500 °C5° whic h is highly limiting of the substrates this memory can be
printed on. The best retention time for a printable memristor was 11 days for a ZrO »-
based device?! and the best endurance was 10 cycles for a MoO«x/MoS2-based device3*
Although the endurance of 104 cycles is comparable to Flash, the MoQ/MoS2-based
device retained information for only a few hours, and had a switching speed of 5 ms. It
may be that the poor performance of fully printed me mristors relative to their vapor -
phase deposited counterparts is the greater thickness (~100 nm) of the electrolyte or the

roughness of the electrolyte/electrode interface.
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Table 1: Comparison of switching properties of

published fully printed memories

and this current work

Materials (Electrode / Switching Layer / Memory Write  Write/erase Data retention ON/OFF cycling
Electrode) Type Speed voltages time endurance
Ag / TiO2/ C4 Resistive 100pus 2V/-3V 8h 1@ cycles
Ag / TiO 2/ Mo -In203%° Resistive 250ns 3V/-3V 3h 1@ cycles
Ag / MoO x-MoSz/ Ag 5 Resistive 5ms 15Vv/-15V 3h 10 cycles
PEDOT:PSS / PMMArGO / PEDOT:PSSt Charge-trap 1s 100V /-100V 1year 50 cycles
Ag/ SiOx/ PEDOT:PS%: Resistive - 05V/-05V 4h 1 cycles
Ag/ZrO2/ Ag® Resistive =~ ------ 3v/-3v. - 140 cycles
Ag/ZrO 2/ Ag>t Resistive - 3V/-3V 11 days 50 cycles
Ag/ TiO2/ Cu“ Resistive - 0.7V/-07V -

Ag/ TiOz2/ Ag*’ Resistive 5ms 15V/-15V - e
Ag/TiO2/ Ag®® Resistive =~ ------ 1v/-05V - 100 cycles
Ag/ZnO/ Cu?®? Resistive =~ ------ 13Vv/-13V - 500 cycles
Ag / AgO -CuO / Cu®® Resistive ~  ------ 2V/-3V. - 40 cycles
Ag/ CuOx/ Cus3 Resistive - 1Vv/-1V 2 weeks 100 cycles
Ag/ZnSnOs/ Ag®° Resistive - 2V/-2V 24 min 100 cycles
Ag/ZnSnOs-PVA [ Ag“ Charge-trap  ------ 15Vv/-15V 36h 500 cycles
ITO/GaznO/ITO® Charge-trap = ------ 6VvV/I-7TV - 300 cycles
PEDOT:PSS / polyvinylphenol / PEDOT: PS® Charge-trap = ------ 30v/-20V - 100 cycles
Ag / polyvinylphenol / Ag 63 Charge-trap = ------ 14VvV/-14V 180days ------

Ag / MoS2-PVA | Ag 4 Charge-trap  ------ 3V/-3V 1 day 1 cycles
Ag/ PMMA -MEH:PPV / Ag & Charge-trap  ------ 1.2V/-1.2V 5days 50 cycles
Au/Cu -SiO2/Cusbs (this work) Resistive 3 us 3V/-3V 10 years 10 cycles




Table 1 summarizes the performance metrics for every fully printed memory that
has been reported.Until recently , no fully printed device has reported excellent all -
around performance: write speeds below 10 ps, retention times of 10 years, and an
endurance greater than or equal to 10 cycles.

Excellent resistive switching properties have previously been observed using a
thin film loaded with Cu -SiO2NWs, as previously researched in our laboratory.t The
key motivation for the use of Cu -SiO2 NWs is that the properties, kinetics, and
mechanisms ofresistive switching cells have been well-studied with the use of copper as
an active electrode and SiQ as a solid electrolyte in an evaporated cell.5-6° In addition,
there have been previously studied syntheses that have successfully coated Ag NPs with
amorphous silica using a modified Stdber process as to avoid metal etching, and can
tune the thickness of the SiOz shell depending on the concentration of SiO:z precursor
used.”® Therefore, through a simple chemical process we can coat a continuous layer of
SiOz solid electrolyte with sub -100 nm thickness on a Cu NW, which acts as an active
electrode. Likewise, we can print these nanowires on the microscale,the standard
resolution of printed techniques, with the electrochemistry associated with resistive
switching still contained at the nanoscale NW -core/NW -shell/electrode interface,
allowing for high quality resistive switching. These nanowires were succes sfully coated
as a film atop evaporated copper active electrodes and gold inert electrodes on glass,

where the conductive copper core of the nanowires act as a viabetween the two
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electrodes. These devices have modest switching voltages (2 V), a fast swithing speed
(50 ns), good endurance (>16cycles), and data retention times (4 days) comparable to
other fully printed memristors. ¢

In Chapter 2, | account the progress madein using Cu-SiO2 NWs to manufacture
a fully printed programmable crossbar array of memristors, with inks that were
developed thanks to the large-scalesynthesis of Cu NWs. Initial results focused upon
making a proof of concept of a 3D architecture. This was done by replacing the coating
of Cu-SiO2 NWs as a 2D thin film by dispersing the Cu -SiO2 NWs in a polymer -
containing ink, which coats into a 3D, thick composite film with nanowires randomly
oriented within the polymer matrix. Using evaporated Au bottom contacts and Cu top
contacts, we were able to show that reliable resistive switching is capable in a vertical
cell with electrodes deposited above and below the resistive switching composite .
Thanks to this, we moved forward with making a full y printed memristor array,
removing the metal evaporation step entirely. The crossbar array consists of sixteen
individual memristors with printed Au bottom contacts, a printed polymer/Cu -SiOz NW
composite as the resistive switching layer, and printed Cu top contacts. All layers were
printed with an aerosol jet, and were shown to be printab le on both glass and flexible
Kapton tape. The memristors made in this fashion exhibited switching voltages of 3 + 2
V, endurances of at least 10cycles, 10 years of ON state retention, and write speeds of 3

+ 2 ps. These devices thus meet the performance requirements necessary for use as a
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fully printed memory. We demonstrate the in tegration of these fully printed memristor

arrays into a circuit to illustrate the use of a 4-bit memory to control LEDs.

1.3 Cu-Ag NWs for Stretchable Conductive Composites

Materials that are both conductive and stretchable are essential for the
construction of stretchable circuits for use in wearables, robotics, bioelectronics, and
energy storage’+7¢ While stretchable materials with low -conductivity (<1 S cm) can be
used for strain sensors or touch sensors, stretchable wiring and interconnects require
conductivities as close as possible to copper (5.8x10S cm?). In addition, such materials

should retain their conduct ivity under high strain (>50%) after many cycles of stretching.
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Figure 4: Performance comparison of 3D stretchable conductive composites (A)
Conductivity of conductive composites at 0% (circle) and 100% (triangle) strain as a
function of conductive filler loading. (B) R/R o after 50 cycles of stretching to 50%
strain. Numbers indicate references .

Figure 4 shows a concise summary of some of the most remarkable stretchable,

conductive composites reported to date. These include elastomers containing single-
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walled carbon nanotubes (SWNTs)/* 7778 poly(3,4-ethylenedioxy thiophene) (PEDOT),”
polyaniline (PANI), 8 Ag microflakes (Ag MFs), 883 Ag NWs, and Cu NWSs 1214 84\While
high conductivities have also been achieved in stretchable thin films, they have been left
out of Figure 4 because their modes of mechanical deformation differ substantially from
those of the bulk, 3D composites discussed in this work.8>8 Among the previously
made stretchable composites, thosecontaining Ag MFs clearly stand out as exhibiting a
combination of high initial conductivity, as well as retention of conductivity after 50
cycles of stretching to 50% strain. However, in order to retain conductivity after
multiple cycles of stretching, it was necessary for the Ag MFs in these composites to be
sintered together to form a continuous network. For example, although there are three
Ag MF results in Figure 4 A, only the sample in which the Ag was sintered together with
photonic curing & exhibited a minimal (80%) increase in resistance after multiple cycles
of stretching, and thus appears in Figure 4B. The other samples that were not sintered
exhibited an increase in resistance greater than two orders of magnitude after 50 cycles
of stretching to 50% strain 882 This difference may be due to the Ag MFs being pulled
apart within the composite when they are not sintered together. In contrast, a sintered
porous network of Ag MFs may deform upon stretching with relatively minimal

breakup of the interconnected particle network. Although these Ag MF results are

highly informative and can provide direction for future work, Ag is rare, expensive, and
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has a large carbon footprint. A future in which millions of people wear clothing imbued
with stretchable circuitry canno t be built upon such a rare and costly element.

Cu is 1000 times more abundant, 100 times less expensive, and has a carbon
footprint 25 times lower than Ag. &’ Previous work with Cu NW -based stretchable
composites demonstrated the potential of Cu NWSs to achieve high conductivities at low
volume fractions due to their high aspect ratios (>2.2*1(%).88 For example, Cu NWs mixed
with poly(styrene -block-butadiene-block-styrene) (SBS) rubber obtained aconductivity
of 844 S cml at a loading of 7 vol% 84 However, it is not practical to use bare Cu NWs
because of their tendency to oxidize. In addition, this previous Cu NW composite
exhibited poor retention of conductivity under strain, likely because the nanowires were
mixed into an ink and were not annealed into an interconnected network.

Composites with improved material cyclability can be manufactured with the
use of a freestanding interconnected network of conductive material, such as aerogelst
78,89 foams,?° or the coating of a free-standing scaffold in conductive material. 1¥1479 These
networks can be subsequently vacuum infiltrated with elastomer, generating a
stretchable conductive composite. A continuous, conductive network is established
before the introduction of a n insulating polymer matrix, allowing for generally higher
conductivity with lower loadings relative to pre -blended polymer with conductive filler.
For example, a 0.33 vol% dipcoated network of 415 pm Ag NWs infiltrated with

polydimethylsiloxane ( PDMS) exhibits a conductivity of 19.2 S cm,3 while a composite
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of Ag NWs of similar lengths blended with polystyrene does not reach percolation until
a concentration of 2.3 vol%.! This method also allows for high material cyclability; a
composite of cotton dipcoated in Ag NWs and subsequently infiltrated with PDMS
shows an increase in resistance by a factor of 2.1 after 50 cycles at 50% strain with no
further loss in conductivity with additional cycles, up to 10 2 cycles4 But due to the
reduced loading of material in these specificfree-standing and dip -coated networks (< 1
vol% for Ag NWs), conductivity is limited to below 60 S cm 1. Therefore, the solution is
to use a method to achieve a freestanding high -density network of co nductive
nanowires that can be infiltrated with elastomer, as to have both the high conductivity
associated with high-density networks and the high cyclability associated with
infiltrated, free -standing networks.

As | detail in Chapter 3, we hypothesized t hat these problems of material
sustainability and performance for stretchable conductors could be addressed by
creating stretchable composites from Cu-Ag NW felts. Cu-Ag NWs can be synthesized
at relatively low cost (currently ~$7 per gram) ¢ can form highly conductive composites,
and are highly resistant to oxidation. ¢ To ensure that the Cu-Ag NW composites
retained their conductivity under strain, we developed a simple fabrication approach in
which nanowires were filtered from solution and ann ealed together to form a highly -
conductive freestanding felt. This approach ensured that the Cu-Ag NWs were

electrically connected before infiltration with PDMS, and enabled the creation of

18



stretchable compositesat a concentration of 10 vol%with a conductivity of 122 0 S cmt, a
value comparable to previous composites made with Ag MFs. In addition, the Cu-Ag
NW composites exhibited only a 37% increase in resistance after stretching to 50% strain
for 50 cycles, which is the lowest increase among any material with a conductivity >1000
S cmt.

Additionally, we show that the ¢ onductivity loss under strain is highly
dependent on the stiffness of the elastic matrix. We observed that a difference in
stiffness of the composite has altered effects of conductivity under strain that appears to
be due to the formation of voids upon st retching. To conclude the chapter, we illustrate
that the stretchable nanowire composite can be fabricated into serpentine patterns on
fabric that retain their conductivity to strains of 300%. The combination of high
performance and improved sustainabili ty make Cu-Ag NW composites a promising
material upon which to build a stretchable electronics industry.

These felts are made via a vacuum filtration technique with allows for a high -
density, free-standing network of Cu-Ag NWs. In order to truly understan d the quality
of this network, two additional points of comparison are made in Chapter 4. First, the
cofiltration of Cu-Ag NWs with elastomer microspheres is employed as a method of
manufacturing to increase the rate of production of stretchable conductiv e composites.
This technique for composite manufacturing generates a conductive stretchable

composite with unique properties relative to the PDMS-infiltrated felt composite and
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previously -studied ink -based composites due to the nature of contacts between
nanowires in the composite and interactions between nanowires and the elastomer.
Additionally, a variety of Cu-Ag NW aerogels are synthesized, usingNWs of different
aspect ratios, which can be tuned by altering the reaction conditions of the Cu NW
synthesis. Because of this, aerogels of different densities can be manufactred, and can
be compared in density to the properties of the Cu-Ag NW felts. Additionally, a greater
understanding the properties of the Cu-Ag NWs after settling in solution and freeze -
drying can provide a better understanding for potential applications of a Cu-Ag NW

aerogd.

2. Fully Printed Memory

As previously researched, it has been proven that a thin film of coated Cu-SiO:
NWs on active Cu and inert Au electrodes has great performance as aprinted memory.
In order to improve the practicality of this memory for device integration , a 3D
architecture must be employed, as it can improve the density of the memory array.
Additionally, replacing the evaporated metal el ectrodes with printed metal electrodes
canreduce processing costs and improve the rate of device manufacturing. As the
change of architecture and change in processing nethods are required, so too arenew
material composites and chemical methods required to manufacture these composites.
This chapter outlines the processing of a prototype 3D memory architecture using a Cu-

SiO2 NW -PDMS composite and evaporated metal electrodes, followed by the
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manufacturing of a fully -aerosol printed memory array using a Cu -SiOz2 NW -

ethylcellulose composite and printed metal electrodes.

2.1 Manufacturing of Printed Memory Devices
2.1.1 Cu-SiO2 NW Synthesis

Cu NWs were synthesized in a manner similar to that reported previously. 2 To
start, 50 mL of 0.1 M Cu(NO )2 (Fischer Scientific, 99%), 7.5 mL of ethylenediamine
(EDA, Fischer Scientific 99%), and 1 L of 12 M NaOH (NOAH, 99%) were added
together in a 2 L round bottom flask and agitated by hand until mixed. The solution
was then heated to 50°C while stirring vig orously, 1.25 mL of hydrazine (Fischer
Scientific, 98% anhydrous) was added, and the solution continued to be stirred for 5
min. The solution was then left unstirred for 90 min to allow for Cu NW growth. The
Cu NW product was then rinsed in a solution of polyvinylpyrrolidone (3 wt % PVP in
H20, Aldrich, 10,000 MW) and 1% diethylhydroxylamine (1 wt % DEHA in H 20,
Aldrich) using a 2 L separation funnel. The procedure was repeated until Cu NWs were
dispersed in solution. After rinsing, Cu NWs were disperse d in 1 L of the 3 wt% PVP, 1
wt% DEHA solution. The solution concentration was analyzed via atomic absorption
spectroscopy (AAS) using a Perkin ElImer 3100 spectrophotometer. The concentration of
Cu NWs in the final storage solution was 4.5 mg/mL.

The Cu NWs were coated with SiO2 using a modified Stdber reaction that was

originally d eveloped for coating Ag NPs, but which we modified for coating SiO 20on
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Cu NWs. To start, 15.34 mg (3.41 mL of the storage solution) of Cu NWs were dispersed
into 1.7 mL of an aqueous solution containing 1% PVP (10,000 MW). The solution was
added to 10.5 mL of ethanol (EtOH, 190 proof, Koptec), and stirred at 300 rpm in a 20
mL scintillation vial. Subsequently, 282 uL of dimethylamine solution (40 wt % DMA in
H20, Aldrich) and 40 pL of tetraethylorthosilicate (TEOS, 98%, Acros Organics) were
added. The reaction was left to stir for 10 min under ambient conditions. The reaction
solution was then added to a 50 mL centrifuge tube containing 36 mL of 40:60 EtOH:H20
to dilute to a 50:50 mixture of EtOH:H 20. This solution was centrifuged at 2000 rpm for
10 min. The supernatant was removed, and the wires were rinsed three times with
methanol (MeOH, 200 proof, Koptec) using the same centrifugation parameters. The
solution was then concentrated to 10 mL in MeOH. A 5 L portion was dried on

ultrathin car bon supported by lacey carbon on a 400 mesh copper grid for transmission
electron microscopy (TEM) with a FEI Tecnai G2 Twin Transmission Electron

Microscope.

2.1.2 PDMS Ink and Device Manufacturing

The Cu-SiO:2 NW solution is stirred with 3 mL isopropyl al cohol (IPA, 99%, BDH)
and 4 mL methylethylketone (MEK, 99+%, Sigma-Aldrich), along with 4 pL of 0.2%
trimethoxymethylsilane (TMMS, 98%, Sigma Aldrich) in MEK solution as a
functionalizing agent. The solution is then stirred for 15 hrs under ambient condit ions

to allow for surface functionalization of the SiOz shells and improve its dispersibility in
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organic solution. After stirring, the solution is then rinsed three times with a 60:40
IPA:MEK solu tion, and then concentrated to 1.2 mL via centrifugation . This ink ratio
was chosen for its good wettability on glass, its ability to dissolve uncured PDMS, and
its previously -observed ability to result in good dispersions of functional ized colloidal
silica in PDMS.23 60 L of Sylgard-184 Silicone Elastomer Base is added with 12 uL of
Sylgard 184 Silicone Curing Agent, and the ink is then agitated to form a disperse ink of
2.8 vol % NWs in PDMS.

Bottom inert electrodes were deposited using e-beam evaporation (5 nm Cr
adhesion layer, 95 nm Au, Kurt Lesker PVD 75) on glass slides (75 mm x 25 mm) which
were cleaned by sonication in acetone, rinsed with IPA, and plasma cleaned for one
minute under air. The Cu-SiO: NW -PDMS ink was coated onto the substrateand Au
electrodesusing a doctor blade (MTI Co. Micrometer Adjustable Film Applicator),
followed by curing for 8 hrs at 150°C to yield a 3um thick film. The slides were then
subjected to 3x30 minute rinses in 50 mL of hexang(99%, Fisher) bath, a 30 mirrinse in
EtOH bath, 1 hr of drying in an 80°C oven, and a 1 min plasma clean in approximately
600 mTorr forming gas (95% N2/5% H:, Airgas) using a Harrick Plasma PDC-001. This
was performed in order to ensure adhesion and good resolution of the sputtered top
contactsto PDMS.#4 100 nm thick Cu top contacts were then DC sputtered (Kurt Lesker

PVD 75) on top of the PDMS film to complete the device. The volume of the switching
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cell is 25 um x 25 um x 3um. Optical microscope images of the device were taken using

a Meiji Techno Microscope.

2.1.3 Fully Printed Device Manufacturing

Au electrodes were printed using an Au ink (UTD -Au40, UT Dots Inc.)

containing 40 wt% Au nanoparticles. The ink was printed as received on glass slides or

polyimide film by an AJ -300 aerosol jet printerqp. x UOO1 Ew( OE6 Qw42 KAdw whk

nozzle was used for printing, and the flow rates of sheath gas and carrier gas were set to

50 sccm and 20 sccm, respectively. The platen temperature was maintained at 60 °C, and

the printed Au nanoparticle layers wer e further sintered at 280 °C in air for 1 h in an
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Cu-SiOz2 NWs in MeOH , as made identically in Chapter 2.1.1,were rinsed into a

30 mL solution of 1.5 wt% ethylcellulose (Ethocel 10, Dow) in MeOH. To facilitate the
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into the ink to adjust its viscosity and evaporation rate. The as-prepared Cu-SiOz NW -

ethylcellulose ink was printed using a wide nozzle with diameter of 1 mm, and the

sheath, carrier and exhausting gas flow rates were set to be 60 sccm, 500 sccm and 480

scem, respectively. All printing was carried out in air at room temperature while the

platen was maintained at 70 °C to acelerate ink drying. The printed film thickness is

around 4.5 pm.
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Cu NP metal-organic decomposition (MOD) ink was derived and modified from
a procedure reported by Shin, etal?> 10 mL of MeOH, 40 mmol of 2-amino-2-methyl -1-
propanol (AMP, >99%, Aldrich), and 40 mmol of octylamine (99%, Alf a Aesar) was
stirred for 30 min. Next, 40 mmol of copper (ll) formate tetrahydrate (98%, Santa Cruz
Biotechnology) was added, and stirred for 1 h. The subsequent solution was placed in a
vacuum oven for 12 h under reduced pressure at 50°C to remove MeOH. The ink was
completed by mixing the vacuumed product in a 3:2 weight ratio with isopropyl alcohol
(IPA, 99.5%, BDH). The prepared ink was printed on top of the Cu-SiOz layer using the
At YYwxUDOUI Ubw whk Yws OWEPEOI Ul Whefdodatas® wp EUwUUI
sheath gas and carrier gas were set to 40 sccm and 25 sccm, respectively. The platen
temperature was set to 40°C during printing. The printed samples were reduced and
sintered at 160 °C for 30 min in a tube furnace under a flow of N2. The printed film

thickness was 900 nm. The volume of the switching cells are 250 um x 2% um x 4.5 pym.

2.1.4 Switching and Write Speed Measurements

Switching tests were performed with a Keithley 2400 SourceMeter connected via
tungsten electrical probes (Micromanipulator Co.) for the PDMS -composite device, and
copper clips for the full y printed device. The switching programs were written in
LabVIEW 2012. Switching cycles were performed using a voltage sweep with a
compliance current of 100 pA. Sweeps were peformed at a rate of 1.5 V/s. Write and

erase voltages are logged by reading the voltage recorded immediately before the switch
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occurs, and the ON and OFF resistances were recorded by reading the resistance after

each sweep at a read voltage of 100 mV.
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Figure 5: Circuit diagram for the switching speed test.

Write speed tests were performed using an Arduino UNO in conjunction with a

VOLTEQ power supply, with voltages read using a Hantek DSO 5200A Oscilloscope. A

schematic of the switching speed measurement is provided in Figure 56 ww whk Y wO1 w

resistor is in line with the memristor to limit the current through the memristor, and the

voltage across this resistor is measured to calculate the current through the memristor.
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voltage from the output pulse. Confirmation of the ON state was obtained by using the

Keithley 2400 to measure the resistance of the memristor befoe and after pulse

application.
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2.1.5 Programming Tests

Programming tests were performed with an Arduino UNO, Keithley 2400
SourceMeter, and VOLTEQ power supply. A 4-bit array of printed memristors was
programmed by supplying a 5 V pulse for 500 ms using four outputs from the Arduino.

hwOT wUl UPUUOUWPEUWx OEET EwPOwWODPO! wodIl wl EET w

Qu

Oww
O1 OUPUUOUUG ww wkt wOil wUI UBUUOU udetardnsistdah® WEEET E wE
ground. The memristors were read by supplying a 0.7 V across all four memristors using
a Keithley 2400 SourceMeter. In the OFF state, 0.7 V is insufficient to turn on the npn
bipolar junction transistors (BJT) due to the voltage drop across the memristor. In the
ON state, the voltage drop over the memristor is low, allowing the 0.7 V to turn on the
BJT and thereby light the LED. Erasing of the device was performed using the

previously described LabVIEW program to sweep negative voltage across each

memristor until the device was completely erased.
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Figure 6: TEM image of Cu -SiO2 NWs

2.2 PDMS-Composite Device Properties
2.2.1 Cu-SiO2 NW and Device Imaging

TEM images (Figure 6) show an example of the SiOz shells grown on the copper
nanowires. The average measured thickness of theSiO:z shells was 18 + 3.6 nm, which is
thin enough to allow for con sistent resistive switching, ¢” but thick enough to electrically
insulate the nanowires from one another.%¢ Additionally, the use of DMA as a catalystin
this reaction was also successful, as there is no observable damage to the Cu cores. The
cores are intact and contain no gapsto indicate the partial formation of a silica nanotube,
which is observable when ammonia, the typical catalyst used in the Stober process, is

used in its place % Figure 7A shows an optical microscope image of the device, where
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Au bottom electrodes, Cu-SiOz2 NW switching layer, and Cu top el ectrodes arevisible.
Figure 7B illustrates an inset of one of the given switching cells, where it is hypothesized
in the given region, there is at least one randomly -oriented NW in the matrix in contact
with both the Au bottom ele ctrode and the Cu top electrode. This technique of using a

random NW network of a given density to assureat least one NW bridged the gap

between two electrodes was previously used for the thin -film memory device. %6

Figure 7: Schematic of the PDMS composite device . (A) Optical microscope
image of device with Au bottom contact, Cu top contac t, and Cu-SiO2 NW-PDMS
composite switching layer. (B) lllustration of a single memory element.
2.2.2 Resistive Switching
After the device is printed, an initial forming step enables its use as a memristor.
A characteristic |-V curve for the forming step is shown in Figure 8 A. As the voltage
applied to the Cu top contact is swept in the positive direction, the current increas es by

1 times at 27V, and is limited by a compliance current set to 100 pA. After the forming

step, the device can be reversibly switched between a low-resistance and high-resistance
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states. Figure 8B shows a typical |-V curve for bipolar resistive switching of the device.
After a memristor has gone through the forming stage and is in the low -resistance state,
it can be turned back to the OFF state by reversing the bias, with a positive bias applied
to the bottom Au contact. When the voltage reachesapproximately -3V, the current
decreases byl(® times as the memory reverts to the high-resistance state. The memristor
can again be reurned to the low -resistance ON state by application of a positive bias to

the Cu top contact.
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Figure 8: Performance of PDMS com posite memristor during forming and cycling  (A)
Plot of the current and voltage in the memristor duri  ng forming. (B) Plot of the
current and voltage in the memristor during erasing and writing.

It is thought that the resistance of the SiOz junctions between nanowires and the contacts
drops due to an electrochemical metallization mechanism, in which the positive bias
results in dissolution of the Cu top contact, diffusion of Cu ions through the SiO 2 shell,
and reduction of Cu ions on a Cu NW until a Cu filament forms between the Cu NW

and the top contact (Figure 9A&B ).4"¢ Filament formation subsequently takes places in
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a similar manner between the Cu NW and the Au bottom contact, resulting in a
dramatic drop in the resistance between the top and bottom contacts. This low-
resistance state is the ON state. To switchlie device back to the OFF state, a negative
bias can be applied to the Cu electrode, resulting in anodic dissolution of the Cu
filament in the SiO2 shell between the Cu NW and the Au electrode (Figure 9C). In the
OFF state, the device can be switched baclON by reapplication of a positive bias to the
Cu electrode, leading to regrowth of the filament. Because of the shorter distance Cu
ions migrate for the write step compared to the form step, the voltage required for

writing (3 V) is less than that requir ed for forming (27 V). 8
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Figure 9: Cross-sectional schematics illustrating the operating mechanism of the  Cu-
SiO2 NW memristor. (A) Application of a positive bias to the Cu top contact induces
the growth of Cu filaments to form a conduct ive pathway, resulting in the (B) ON
state. The memristor can then be erased by applying a reverse bias to dissolve t he
filament, resulting in the (C ) OFF state.

Figure 10A shows the cumulative switching voltage in a switching cell i n this
device over the course of 100 cycles.The average write voltage of the given memristor
was 3.7 £ 1.9 V, with a maximum voltage of 8.9V. The average erase voltage was3.2 +

1.5V, with a maximum voltage of -7.4V. Relative to the thin-film memory using Cu -
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SiO2 NWs, we are seeingcomparable switching voltages (2.5 £ 0.6 V b write, -1.8 £ 0.9V
to erase), indicating that the change in architecture of the device has no major effect on
the overall cycling performance of the device.

Figure 10Bshows that the memristor is capable of switching wi th Rore/Ron > 1G
over 10 cycles with no observable degradation in ON or OFF state resistance The OFF
state appears noisy due to the limit of detection of the instrument at high resistance
vales. Regardless, no visible degradation in quality is observed over 10 cycles,

suggesting both strong endurance in this range and the potential for the cycling

endurance to be greater than 108cycles.
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Figure 10: Cycling properties of the PDMS composite memristor.  (A) Cumulative
probability of write and erase voltages (n=100). (B) ON and OFF resistances over 10 3
cycles. The highlighted h orizontalline OEET Ol Ew? ( OU0UUOI OUw#1 Ul EU
indicate s the highest resistance that can be accurately measured given a 100 mV read
voltage with the instrument used.
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2.2.3 Retention

A device was tested for retention of the ON state over time in air at room
temperature (Figure 11). The ON state was read periodically with a 100 mV read
voltage over the course of 1¢*s. A negligible increase in resistance was observed over
this time period, and remained at a resistance 10 lower than the average OFF state
resistance as calculated from Figure 10B This shows good non-volatility of the
memristor, and makes it competitive with other fully printed memory devices in the

literature that have observed the full range of switching properties .5054
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Figure 11: Plot of ON resistance vs. time o ver 10* s for the PDMS composite
memristor.
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2.2.4 Write Speed

The write speed of the systemwas characterized by applying a write voltage
across a memristor, and measuring the time delay between when 90% of the maximum
write voltage is applied and when 90% of the maximum response current is read (Figure
12). The response current indicates when the memristor has entered the ON state; the
delay between when the write voltage is applied and when the memristor is ON
indicates the time it takes to write to the memristor. With ten replicates, the average
write speed is observed at 80 + 6(hs, within range of the write speeds observed in the

thin -film device (50 + 20 ns)%
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Figure 12: Write speed characteristics of a single write step for the PDMS
composite memristor.
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2.2.5 Summary

In conclusion, the device properties of a Cu-SiO: NW -PDMS composite had
properties as a vertical resistive switching cell that are comparable to that of a Cu-SiO:z
NW t hin film coated as a horizontal resistive switching cell. Given the success in the
manufacturing this preliminary device, we move d forward into the manufacturing of a
full y printed memory device, observing the consistency between individual switching

cells in the memory array, and integrating the memory array into a practical circuit.

Cu (900 nm)

CUESIOR NWE
in Ethecel

'

Substrate

Figure 13 Imaging of full y printed memristor array. (A) Photograph of device with
(B) SEM image of a cross-section of the composite film.

2.3 Fully Printed Device Properties
2.3.1 Device Imaging

Figure 13A shows the final crossbar array consisting of 16 individual memristor s
printed on glass. Figure 13B displays an SEM image of a crosssection of one of the

memristors, showing the nanowires embedded within the composite switching layer.
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Overall, the printing procedure was successful in emulating the PDMS -composite
device, as all printed layers were capable of wetting atop one another and maintaining

coherent lines and films after each printing and annealing step.

2.3.2 Resistive Switching

Figure 14A shows the |-V characteristics during the formi ng step of one
memristor on the full y printed device, and Figure 14B shows thea typical |-V curve for
bipolar resistive switching of the device. This device is capable of both forming at 9 V
and reversible resistive switching at the same compliance current used for testing in

Figure 8, illustrating the functional ity of the full y printed device as a memristor.
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Figure 14: Performance of a full y printed memristor during forming and cycling (A)
Plot of the current and voltage in the memristor dur ing forming. (B) Plot of the
current and voltage in the memristor during erasing and writing.

Figure 15A shows the average and standard deviation of the switching voltages

for every memristor in the 16 -memristor crossbar device. Each memristor was cycled
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multiple times, and each exhibited moderate operating voltages, with average writing
voltages ranging from 1.8 V to 6.3 V, and average erasing voltages betveen-1.0 V to-5.1
V. Figure 15Bshows the cumulative switching voltages, summing the 20 cycles over all
16 memristors (n=320). The average write voltage across all memristors was 3.4 1.8V,
with a maximum of 10 V. The average erase voltage was-2.8+ 2.2V, with a maximum
of -9.0 V. Relative to the PDMS-composite device, there is no significant difference in

performance in regards to writing and erasing voltages.
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Figure 15: Cycling behavior of the full y printed memristor array over multiple cells.
(A) Average write and erase voltages (n=20) in each memristor of the 16 -memristor
crosshar. (B) Cumulative probability of write and erase voltages (n=320) over all
memristors. (C) Average ON and OFF resistances (n=20) in each memristor of the 16 -
memristor crossbar. (D) ON and OFF resistances over 104 switching cycles showing no
degradation in performance.

Figure 15C shows the average ON and OFF resistances of each memristom the
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memristors, the average OFF resistance was above the instrument detection limit of 200

, Toww3l 1T wOOPT UVDWEYT UETT w. %%wUl UDUUEOGEIT wdl EVUUUI
resulting in a minimum R ore/Ron of 10, Figure 15D shows that the memristor is capable

of switching with R or/Ron > 106 over 10¢ cycleswith no observable degradation. We

stopped testing at 10* cycles due to time limitations (one such test takes 10 days), but

given the lack of degradation, it appears the endurance may be higher than 1@ cycles.

This confirms the previous hypothesis of extended cycling endurance of the PDMS-

composite device, as it also matches the endurance of the thinfilm memory. 66
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Figure 16: Plot of ON resistances versus time over three separate devices. A linear
extrapolation of the data (dotted lines) suggests that the device will retain the ON
state for at least 10 years.
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2.3.3 Retention

Three devices were tested for retention of the ON state over time in air at room
temperature (Figure 16). Over three different memristors, the ON state was read
periodically with a 100 mV read voltage over the course of 106 s. The memristors
retained the ON state and showed negligible degradation over this period. Linearly
extrapolating the data out to 10 years,a method that has been previously employed to
estimate retention times,% shows the ON state resistance will remain at least 13 times
lower than the OFF stateresistance. This is a significant improvement over the retention
time of 4 days observedin the thin -film memory ,% and may be due to the presence of the

ethylcellulose reducing the diffusion of air into the resistive switching layer.

2.3.4 Write Speed

The average write speed of the fully printed device was characterized by
measuring five replicates across five different memristors (n=25). The average wite
speed was determined to be 2.6+ 20 us over the 25 replicates (Figure 1A), and the
average write speed of each of the five tested memristors was detemined to be
consistent, with averages ranging from 1.7 ps to 4.3 us(Figure 17B). Although this
result is slower relative to the thin -film and PDMS -composite devices, this write speed is
faster than all but one previously reported fully printed memory, and is comparable to

the write speed of Flash memories.

40



T T T T T 80
101 Atwritez
26+20ns T i WP 60
tQO%V t5:)0%I t e
S [ 102
| _40:5
£ L 2
S -
= L20°
0 ;0
3 4 5 6 7 8
Time (us)
10
8,
m
=6
(]
£
B
24
5
S
&2
0_
1 2 3 4 5

Cell #

Figure 17: Write speed characteristics of the full y printed memory. (A) Characteristic
of a single write step. (B) Averages and standard deviations of switching speed (n=5)
in five different memristors.

2.3.5 Circuit Integration

To illustrate how these fully printed memristors might be used in a practical
device, we integrated them into a circuit that allowed their ON state to be visualized
with an LED. Instead of the crossbar array we used a set of fourmemristors in parallel to

act as a 4bit memory. We did not use the crossbar array because of the presence of
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sheak paths, which is a known issue for memristors fabri cated in such a geometry 2103
The ability to write or read a memristor in a high -resistance state can be inhibited by
neighboring memristors in low -resistance stateswhich allow the current to flow around
the high-resistance memristor. This leads to reading and writing errors. Figu re 18A
illustrates the circuit diagram used to program the 4-bit memory, and Figure 18B shows
a photograph of the programming circuit connected to the device. All 16 programming
states of the 4bit memory are shown in binary in Figure 18C. These states vere set with
a 5.0 V write voltage from an Arduino, and read with 0.7 V in parallel across all the
memristors. In the ON state, the memristor allows the 0.7 V bias to turn on the gate of a
transistor, which in turn turns on an LED. While simple, this exa mple of lighting LEDs
illustrates successful programming and ON state retention in an actual circuit. A more
practical use might be to send the 4bit output to a BCD -to-7-segment display driver,
which in turn could control a 7 -segment LED to communicate the price of an item on a
shelf. Alternatively, the 4 -bit output could be fed to a 4 -to-16 multiplexer for a multitude

of applications.
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Figure 18 Example circuit utilizing a 4-bit fully printed memristor. ~ (A) A circuit
diagram and (B) photograph of the programming circuit. LEDs are highlighted in red.
(C) LEDs illustrating the programmed states of the 4 -bit memristor. Numbers indicate

the binary numbers programmed in each row.

2.3.6 Summary

In summary, Chapter 2 details the progr ess made from the fabrication of a thin-
film , solution -coatable memory into a fully printed array of memristors , in large part
due to an ink manufactured using Cu -SiO: NWSs derived from a large -scale synthesis.

Even as a fully printed device, excellent overall performance metrics are observed
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relative to the thin -film memory and other full y printed memory devices : write/erase
voltages of 3 V /-3 V, endurance of >10 cycles, a retention time >10 years, and a write
speed of 3 us. No previous fully printed m emory has exhibited such a combination of
excellent performance characteristics. The memory can be easily written with 5 V and
read with 0.7 V, making it compatible with standard microcontrollers. Future work
might explore the integration of fully printed diodes into the crossbar architecture to
eliminate sheak paths, or interfacing with fully printed transistors to enable the
addressing of larger memory arrays. Additionally, the gold electrodes may potentially
be replaced by an alternate inert electrode,such aselectrodes deposited using a carbon
or carbon-nanomaterial based ink, as to reduce the maximum temperature required for

device manufacturing, which allows for the printing on more sensitive substrates.

3. Conductive Stretchable Composite s

Recent developments in our laboratory have led to a procedure allowing for a
multigram synthesis of Cu -Ag NWs, which when the NWs are vacuum filtered, form a
3D, free-standing NW felt. Because of known procedures to infiltrate free -standing
conductive NW networks with elastomer to manufacture stretchable conductive
composites, we investigated the performance and properties of the NW felt infiltrated
with PDMS as a conductive stretchable composite with a much higher density than
previously made infiltrated composites. Additionally, in order to gain a better

und erstanding of the mechanical and electrical behavior of the composite under strain,
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multiple observations were made regarding how the N Ws behaved during stretching,
how NW -matrix interactions may play a role in conductivity effects under strain, and

how the stiffness of the elastomer used plays a role in these interactions.

3.1 Manufacturing of Composites
3.1.1 Cu-Ag NW synthesis

Cu-Ag NWs were synthesized via a two -step protocol. In a 10 L bottle, 8® mL
of 0.1 M copper (1) nitrate hemi(pentahydrate), (Cu(N Os)23 | 20, Sigma-Aldrich
AaNWeYuAOQuwhhuk wO+wl UT a0l OIl EPEODPO] weps# Ow2bHl OEOwa
hydroxide (NaOH, NOAH Technologies, 99%) solutions were mixed together. Next, 750
mL of 1 g/mL Y-D-glucose (SigmaAldrich, 96%) solution was added, and the bottle was
shaken for one minute. The bottle was then immediately placed in a 60 °C water bath
for 1 hr to grow Cu NWs. After the synthesis was complete, the Cu NWs were vacuum
filtered using a Buchner funnel and a cloth filter, and rinsed with a solution of 3 wt%
10k MW polyvinylpyrrolidone (PVP, Sigma -Aldrich) and 1 wt% N,N -
diethylhydroxylamine (DEHA, TCI America, >95.0%) (PVP/DEHA). After filtration, the
Cu NW slurry was rinsed off the filte r into a 500 mL solution of PVP/DEHA for
resuspension. The Cu NWs were then centrifuged at 2000 rpm for 10 min to concentrate
and further rinse the NWs, after which they were resuspended in 250 mL of fresh
PVP/DEHA solution. This centrifugation process w as repeated three times, and the Cu

NWs were kept in 250 ml of a PVP/DEHA storage solution. The concentration of the
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product solution was measured with a Perkin EImer 3100 Atomic Absorption
Spectrometer. The observed concentration of the solution was 14.5mg/mL for a total
mass of approximately 3.6 g of Cu NWs.

The Cu NWs were subsequently coated with Ag to form Cu -Ag NWs with a
mole ratio of 0.85:0.15 Cu:Ag. The 250 mL solution of Cu NWs in storage solution was
diluted with distilled water to 800 mL. Th is solution was stirred with 1.6 L of 2 wt% PVP
in water, and 4.4 L of 1 M ascorbic acid (Duda Energy >99.0%) in water. Then 400 mL of
0.025 M silver nitrate (AgNOs:Ow %P UT 1 Uw2 EDPI OUPI PEOwWANNSA U AwDbOwbp
the stirred solution for 10 minu tes. After the addition of AQN Os was complete, the
reaction was left to stir for 10 minutes, the stirring was turned off to allow the NWs to
settle overnight. The reaction vessel was then decanted to remove excess solution, and
the remaining NWs were rin sed with DI water and centrifuged at 2000 rpm for 5
minutes three times to concentrate the NWs into 800 mL of PVP/DEHA storage solution.
The average CuAg NW length was 41 + 14 um and the average diameter was 240+ 67

nm.

3.1.2 Filtration and Infiltration

Filtration was performed using a Millipore vacuum filter funnel. Nanowires
were filtered through a silicone gasket (Fuel Cell Store) onto a 400 x 400 stainless steel
wire cloth (McMaster Carr). An ASTM D412 test specimen,with schematic provided in

Figure 19, and aserpentine circuit pattern were cut into the gasket with an Epilog Fusion
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60W laser cutter. For filtration, 6 mL of the Cu-Ag NW storage solution was diluted with
40 mL of H20 and poured through the filter to make a 250-um-thick Cu-Ag NW felt. T he
Cu-Ag NW felt was annealed in an oven at 150 °C for 30 minutes, and transferred from
the cloth to a Teflon sheet in a petri dish. Samples were infiltrated with a 2:1:1 solution
of MEK, PDMS precursor Part A, and PDMS precursor part B. The PDMS precurrs
Ecoflex 0030 and Dragon Skin 30 were provided from Smooth-On Inc. The samples
were infiltrated for 30 min under ambient conditions, followed by vacuum infiltration

for 3 h in a desiccator to allow for solvent evaporation and curing of the PDMS.

Scaming electron microscope images of the felt and the infiltrated composite were taken

using an FEI XL30 SEM.

35 mm
10 mm
NG L~
-6 mm ~3 mm
- N

Figure 19: Schematic and dimensions of the ASTM D412 test specimen.
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3.1.3 Electrical and Strain Characterization

The electrical conductivity of infiltrated and non -infiltrated samples was
measured using a four-point probe, and calculated by multiplying the measured sheet
resistance by the sample thickness. Stresstrain tests were performed using a micro-
strain analyzer (MSA, TA Instruments RSA Ill). Electrical characterization during strain
was observed using a Keithley 2401 SourceMeter with LabView 2016 software. In order
to establish contact with the sample in the MSA, the handles of the test specimen were
coated in colloidal silver paste (Electron Microscopy Sciences), and sandwiched with
copper foil to establish electrical contact. Two pieces of silicone gasket were used to
electrically isolate the sample from the metal clamps of the MSA. Stressstrain
measurements were performed at a rate of 1% strain per second. Cycling tests were
performed at a strain rate of 20% per second, and the resistance was recorded while the
sample was held at the minimum (0%) and maximum (50% or 100%) strain for five
seconds. The msition at which the strain was 0% for all cycles was defined as the
starting position of the MSA for the initial strain test, even for samples that underwent
plastic deformation during cycling. Plastic deformation and time dependent behavior
studies were performed at a rate of 20% strain per second, holding at astrain of 100% for

5 seconds.
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3.1.4 Device Manufacturing

For the LED circuit, a layer of stretchable, 80% nylon, 20% spandex fabric (Rex
Fabrics) was placed between the patterned silicone gasketand the metal cloth during the
vacuum filtration procedure . Cu-Ag NWs were filtered onto the fabric, and were
annealed after filtration. The fabric and patterned NWs were immersed in Ecoflex in a
Teflon well, and vacuum infiltrated for 30 min, followed b y 30 min in a 60 °C oven to
cure the PDMS. The LEDs were powered using an external power supply with a

compliance voltage of 7 V and a compliance current of 15 mA.

3.2 Composite Properties
3.2.1 Fabrication and Conductivity

The procedure for composite manufacturing is illustrated in Figure 20 A. Cu-Ag
nanowires were first synthesized as described previously and in the experimental
section 1691 The nanowires were filtered through a rubber gasket onto a metal cloth to
form dogbone -shaped test spedimens according to ASTM D412 for tensile testing. The
length, width and thickness of the test specimens were 10 mm, 3 nm, and 250 um,
respectively. The average density of the nanowire felt prior to infiltration (Figure 20 B)
over three replicates was 0.87+ 0.04 mg/mL. This density corresponds to a porosity of
90.5 £ 0.4% based on a weighted average of the densities of Cu (85%) and Ag (15%).

After filtration, the NWs were annealed and infiltrated with PDMS (Figure 20C).
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Figure 20: Procedure for stretchable conductive composite manufacturing (A) Cu-Ag
NWs were filtered through a silicone gasket onto a metal cloth to create a NW felt in
the shape of the hole in the gasket. (B) Photograph and SEM image of felt after
annealing and ( C) after PDMS infiltration.

In order to maximize the conductivity of the composite, the NW felts were
annealed at a variety of temperatures for 30 minutes to determine which temperature
yielded the highest conductivity prior to infiltration (Figure 21 ). An annealing
temperature of 150 °Cresulted in the highest conductivity (2040 £ 35 S cm?). This
conductivity is 1.6 times higher than the air -dried sample before annealing (1270 + 610 S
cm-1). The conductivity of the annealed NW felts is only 28 times less conductive than
Cu with a porosity of 90% (5.8*10* S cm1). After infiltration, 40% decrease in electrical

conductivity was observed (1220 + 630 S cml), likely because the insulating elastomer
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increased the contact resistance between the fowpoint probe and the conductive filler.
However, this conductivity is still only 47 times less conductive than bulk Cu at a similar
porosity, and is comparable to previous results with Ag MFs at filler loadings double
that of the Cu-Ag NW composite ( Figure 4A). The infiltrated Cu -Ag NW network is
also four times more conductive than identical Cu -Ag NWs blended into

polycaprolactone at a similar concentration (12 vol%).1¢
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Figure 21: Conductivity of Cu -Ag NW felts vs. annealing temperature , and
conductivity after PDMS infiltration. The dotted line indicates the conductivity of
bulk Cu with a porosity iden tical to the composite.

3.2.2 Effect of Matrix Stiffness on Conductivity as a Function of Strain

In order to examine the effect of the stiffness of the elastomer matrix on the
ability of the composite to retain its conductivity under strain, the Cu -Ag NW felt was
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infiltrated with relatively low -stiffness and high-stiffness PDMS elastomers at different
ratios. The low-stiffness PDMS is Ecoflex 0030 (0.07 MPa at 100% strain), and the high
stiffness PDMS is Dragon Skin 30 (0.59 MPa at 100% strain). We wilhereafter refer to
these materials as Eoflex and Dragon Skin. Figure 22A shows that, before infiltration,
the annealed Cu-Ag NW network is very brittle. Fracture initiates at 1.5% strain and is
complete at approximately 4% strain. After infiltration with  PDMS, the composite does
not fracture until strains of 250-350% (Figure 22B). Figure 2B also shows that the
presence of the NW network within PDMS greatly increases its stiffness. Compared to
the pure version of the elastomer, the stiffness of the Dragon Skin and Ecoflex
composites increased by a factor of 3.4 and 13, respectively. These mechanical tests
illustrate the Cu-Ag NW felt infiltrated with PDMS exhibits a stiffness closer to that of
the nanowire felt than that of the elastomer, even though the nanowires comprise only
10% of the volume of the composite. Thus, it seems that the deformation of the nanowire
network within the elastomer may be dominating the stress -strain behavior of these
materials. In addition, it is clear that the presence of the elastomer matrix prevents
fracture and breakup of the nanowire felt, facilitating its deformation under an applied

stress.
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Figure 22 Stiffness vs. conductivity behavior of stretchable conductive composites
(A) Stress vs. strain performance for the Cu -Ag NW felt, as well as various Cu -Ag NW
PDMS composites containing different ratios of Dragon Skin to Ecoflex. (B) Stress vs.
strain curves for Cu -Ag NW composites. (C) R/R o vs. strain for the Cu -Ag NW
composites. (D) R/Rovs. modulus at 50, 100, and 150% strain.

Figure 22A& B shows that, as expected, the stiffness of the composite increases

with the amount of Dragon Skin present in the infiltrated PDMS relative to the amount

of Ecoflex. Figure 3C shows that this increase in stiffness had a significant effect on the

ability o f the composites to retain their initial conductivity under an initial applied



strain. The Ecoflex composite exhibits an increase in resistance, denoted by R/R of only
1.12, 1.52, and 2.46 at strains of 50%, 100%, and 150% respectively. In comparisohet
R/Ro of the Dragon Skin-NW composites is higher, at 1.49, 3.86, and 11.7 at the same
strains. With the intermediate blends of Ecoflex and Dragon Skin, intermediate values

of R/Ro were observed. Figure 22D summarizes the effect of matrix stiffness on retention
of conductivity by plotting the R/R o vs. modulus at strains of 50%, 100%, and 150%. The
four modulus values are from Ecoflex, Dragon Skin, as well as the 2:1 and 1:2 blends of
Dragon Skin:Ecoflex. This panel illustrates there is a clear tradeoff between the stiffness

of the matrix and the conductivity that can be retained as the composite is stretched.

-
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Figure 23: Images showing the difference in the stretchability an d void formation for
the (A) Cu-Ag felt (B) Dragon Skin -NW composite and (C) Ecoflex -NW composite
during the initial strain.
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Although there have been many previous studies of the electrical conductivity of
PDMS composites, and it has been observed how changing the type or concentration of
conductive filler can influence stiff ness and electrical propertieso4110we found no
previous studies on the effect of the stiffness of the elastomer matrix on the ability of the
composite to retain its electrical properties under strain. In order to gain further insights
into the mechanism of this phenomena, we examined whether there was any difference
in the mechanism of deformation for Dragon Skin and Ecoflex composites. Figure 23
displays photographs of the Cu-Ag felt, the Dragon Skin composite, and the Ecoflex
composite at 0 and 100% strain. As seen in Figure 23, the Cu-Ag NW felt without
PDMS is brittle and fractures at low strain. The Dragon Skin composite (Figure 23B)
turns from orange to white under strain, while no obvious color change was observed
for the Ecoflex composite (Figure 23C). This suggested the Dragon Skin composite
formed voids under strain, while the Ecoflex composite did not. This difference in
deformation response was confirmed with SEM i maging. Figure 24A&D show both the
Ecoflex and Dragon Skin composites appeared to be free of voids initially. Although
nanowires appeared to align in both com posites at 1% strain (Figure 24B&E), only the
Dragon Skin contained a large amount of voids in the strained state. When the Ecoflex
was brought back to a strain of 0%, there were no noticeable voids present within the
composite. In contrast, the voids were retained in the Dragon Skin composite and

became buckled as it was relaxed to a strain of 0%Figure 24F).
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Figure 24: SEM images of the Ecoflex and Dragon Skin composites (A&D) before
strain, (B&E) at 100% strain, and (C&F) after relaxa tion back to 0% strain. Voids are
present in the Dragon Skin composite, but not in the Ecoflex composite.

These observations suggest that the reason for the greater decrease in
conductivity as a function of strain for composites containing stiffer PDMS is due to the
formation of voids. Gent and Park previously studied the effect of elastomer stiffness on
the formation of voids through cavitation and debonding in elastomers with rigid
spherical inclusions.! They found that while the stress required for cavitation
(expansion of microvoids) increases with increasing8 OUOT z UwOOEUOUUOwWUT 1T wudU
required for debonding decreases with increasing8 OUOT z UwOOEUOUUBS w31 PUwPE

to the fact that lower -modulus materials are able to dissipate more energy during

debonding through viscoelastic energy losses that occur during deformation of the
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sample.’2Thus, the fact that Ecoflex is eight times less stiff than Dragon Skin may result
in a stronger interfacial adhesion between the PDMS and the Cu-Ag NWs. This stronger
adhesion may prevent void formation during debonding, and thus improve the

retention of conductivity under strain for the Ecoflex composite.
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Figure 25: Comparison of stretchable conductive composites and annealing condition.
(A) Stress vs. strain behavior for Ecoflex -NW composites using NW cakes that were
air-dried and annealed at 150 °C. (B) R/Ro vs. strain behavior for annealed vs.
unannealed composites.

An additional test wa s performed as to observe if aCu-Ag NW felt that was not
annealedwould have different stress vs. strain and R/Ro vs. strain properties relative to
the annealed Cu-Ag NW felt when in the Ecoflex-based composites. The unannealed
composite was manufactured by the same procedure detailed in Chapter 3.1.2, except
instead of annealing at 150°C for 30 minutes, the Cu-Ag NW felt was air -dried under
ambient conditions for 1 h our before infiltration with PDMS. As seen in Figure 25A, the

unannealed composite is noticeably lessstiff than the annealed composite, as observed
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with a shallower slope in the stress vs. strain curveduring the initial 50% strain .

Likewi se, this composite had betterR/Ro under the sameinitial strain (Figure 25 B),
which correlates with the result s seen in Figure 22where composites with reduced
stiffness have improved R/Ro vs. strain performance. However, while slight necking is
observed in the annealed composite, noted by a decrease in stress with increased strain
at high strain, necking effects are more pronounced in the unannealed composite,
making it limited in its maximum stretchability. Although the maximum stretchability
is reduced in this given composite, there is further evidence to suggest that the R/R vs.
strain behavior could be further improved with the use of an even lower -stiffness

elastomer matrix than the Ecoflex 00-30 used in this study.

3.2.3 Composite Cycling

The Dragon Skin and Ecoflex composites were cycled 50 times to strains of 50%
and 100% to examine how well the composites retained their conductivity over man y
cycles of stretching (Figure 26A&B). For the cycling to strains of 50%, both the Dragon
Skin and Ecoflex composites exhibited an irreversible loss in conductance after the first
complete cycle, with an R/Ro of 1.68 and 1.37, respectively. The resistance at 0 and 50%
strain remained fairly stable over subsequent cycles, exhibiting a standard deviation of
0.04 and 0.02 for Dragon Skin and Ecoflex, respectively. We note that, after the first
cycle, the resistance was lower in the strained state than for the relaxed state. The ratio

between the R/R at 0 and 50% strain was 1.12 + 0.09 and 1.15 + 0.05 for the Dragon Skin
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and Ecoflex composites, respectively. Overall these composites demonstrated robust

cycling durability and a modest change in resistance upon stretching to 50% strain.
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Figure 26: Cycling behavior of the stretchable conductive composites. (A) R/Ro
behavior over 50 cycles at 50% strain and (B) 100% strain

At 100% strain, the Ecoflex composite still exhibits relatively stable resistance,
but requires 3 cycles to achieve stable cycling. After 3 cycles, the maximum R/Ris 2.65,
and the ratio between the R/Ro for 0 and 50% strain is 1.49 + 0.06. Significantly different
behavior is observed for the Dragon Skin composite. The R/R increases for the first 5
cycles, then subsequently decreases until it becomes fairly stable after 40 cycles. The
maximum R/Ro of the composite (5.94) occurred after the 5th cycle; theR/Ro max
decreases to 3.64 at®% strain after the 50th cycle.

Most previous studies of inf iltrated nanowire networks did not observe a

higher conductivity in the strained state after cycling, but we are using much higher
concentrations of conductive material (~10 vol%) than was used in those previous
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studies (<1 vol%). Studies that have observel such phenomena include those that
examined the properties of 2 vol% steel wool infiltrated with PDMS, 11332vol%
PEDOT:PSS in polyurethane!448 vol% Ag MFs in bubbled polyurethane, 1*5and 63 vol%
carbon black in natural rubber. 11¢In attempt to provide additional insights into why the
conductivity is higher in the strained state for the Cu -Ag NWs and other highly loaded
conductive composites, we examined how the stressstrain and R/Ro-strain behavior

changed during cycling.
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Figure 27: Hysteresis behavior of plain PDMS (A) Stress vs. strain behavior of pure
Ecoflex and (B) pure Dragon Skin PDMS over two cycles at 100% strain
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Figure 28: Analysis of composite s during strain before and after cycling (A&B) Stress
vs. strain curves for Dragon Skin and Ecoflex composites. (C&D) R/R ovs. strain
behavior for Dragon Skin and Ecoflex composites after the 1st and 51st cycle at 100%
strain. (E&F) Time -dependent strain vs. R/Ro behavior for Dragon Skin and Ecoflex
composites after the 1st and 51st cycle at 100% strain.
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Figure 27A&B shows the pure Dragon Skin and Ecoflex exhibit little hysteresis
during the first two stress -strain cycles, as well as plastic deformations of 4 and 2%,
respectively. Figure 28A&B shows that there is a large hysteresis and plastic
deformation in the first cycle of stretching for both composites; Ecoflex and Dragon Skin
exhibit irreversible strains of 54% and 34%, respectively. In comparison, there is no
additional plastic deformation in subsequent cycles, but the composite continued to
soften. Such softening is often observed for filler rubbersand B U wU1T UOT EwUT 1T w, UOOE
effect’73 1 1 Ul wPUwWOOWEOOUI OUUUWEUwWUOWUT 1T wdil ET EOPUOW
vary between composites, but it is often ascribed to sliding of fill er material within the
composite 18 and/or debonding between the filler material and the matrix, leading to the
generation of voids.11® The former is difficult to discern, but the latter is obviously
occurring in the case of the Dragon Skin composite, asis shown in Figures 24C and 24F.
Figures 28C and 28D show the R/Ro continuously increases until the maximum
strain of 100% during the first cycle. This is consistent with the fact that the R/Ro
increased during the first cycles in Figure 26. By cycle 51, the R/Rincreases to a
maximum of 5.83 at 50% strain for the Ecoflex composite, and a naximum of 5.57 at 38%
strain for the Dragon Skin composite. Additional strain to 100% decreased the R/Ro to
1.92 and 2.25 for the Ecoflex and Dragon Skin, respectively. The strain at which the
maximum values of R/Ro for each composite occurred are nearlyidentical to the extent

of plastic deformation that occurred during the first cycle (54% for Ecoflex, 34% for

62



Dragon Skin). We hypothesize that as the material is strained from the relaxed state up
until the point at which plastic deformation occurred, th e buckled voids unbuckle in the
Dragon Skin, reducing the overall number of electrical contacts and reducing the
conductivity of the material. After the point of plastic deformation up to 100% strain,
the voids undergo transverse compression and strands begin to align, increasing the
number of electrical contacts and increasing the conductivity of the material. Such
behavior was previous observed for a composite with voids containing 48 vol% Ag MFs
in polyur ethanelts

On the other hand, the Ecoflex compaosite does not contain voids but exhibits
nearly identical R/Ro vs. strain behavior. A study by Yamaguchi et al.observed similar
conductivity vs. strain behavi or for a 63 vol% loaded carbon black in natural rubber, and
suggested that the slippage, orientation, and alignment of carbon black aggregates
under strain contributed to the enhan ced conductivity under strain. 116 Given that the
most relaxed state of the Ecoflex composite after the first cycle is the point at which
plastic deformation occurred during the first cycle, strains below or above this strain will
lead to compression or alignment of the nanowire networks, both of which could
conceivably be responsible for the lower R/Ro at 0% and 100% strain. Therefore, although
the mechanisms may differ, for both composites it appears that the alignment of NWs
that occurred during the first strain cycle was permanent and made the composite more

conductive in the strained state.
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3.2.4 Time -Dependent Behavior

The other unusual observation is that the Dragon Skin composite regains some of
the conductivity lost during the first 5 cycles of 100% strain, but the Ecoflex remains
fairly stable. This effect may be attributed to the time -dependent behavior of the
composites. It was previously observed that the resistance of multi-walled CNT -PDMS
composites decreased over time when the composite was held at strain, and this
behavior was attributed to stress relaxation.120 We also observe a timedependent
decrease in the R/R for the strained Dragon Skin composite in this study (Figure 28 F),
but not for the Ecoflex (Figure 28E). The observed drop in R/R after the first 5 cycles for
Dragon Skin can be attributed to the decrease in the R/R that occurs over time for this
stiffer composite. The difference in time-dependent R/Ro under strain for Ecoflex and
Dragon Skin may be related to the different degree of debonding and void formation
observed in these composites. As the Ecoflex composite is strained, the NWs align with
the composite during the initial str ain, and are held in place when strain is complete.
This leads to a minimal decrease in R/Rwhen the composite is held at strain. In
contrast, as the Dragon Skin composite is strained, void formation results in a time
dependent reordering of the NW netw ork that results in a drop in R/Ro. Gaining
additional insights into the mechanism of this process is experimentally challenging due

to the difficulties in imaging the time -dependent deformation of a three-dimensional
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network of nanowires, as well as calculating what the resistance of the nanowire

network should be under various states of strain.
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Figure 29: Strain rate dependence on composite behavior. (A) Stress vs. strain
curves of the Ecoflex composite and (B) Dragon Skin composite at strain rates of 1% s-
tand 20% st. (C) R/Rovs. strain behavior of the Ecoflex composite and (D) Dragon
Skin composite at strain rates of 1% s * and 20% s*.

Although the effect of strain rate on the retention of conductivity is
important f or the practical use of a stretchable conductor, it is a dimension that is rarely

explored. For example, the strain rates used in the previous studies listed in Figure 4
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vary greatly from 0.08% s*to 5% s?, but none of those studies examined the effect d
strain rate on the stress ard R/Ro response2 80 Figure 29 shows the effect of strain rate on
the stress and R/R for the Ecoflex and Dragon Skin composites. We selected a strain rate
of 1% st to be in within the range of previous experiments in the literature, and a strain

of 20% s' to more accurately simulate the faster strain rates that would be seenin a
wearable device.’273 12122 The strain rate does not have much effect on the stress vs.
strain behavior for both the Ecoflex and Dragon Skin (Figure 29A&B). For the Ecoflex
composite, the R/R vs. strain is identical at the two strain r ates (Figure 29C&D).
However, for the Dragon Skin composite the slope of the R/Ro vs. strain curve is larger
for the 20% st strain rate during the first 20% of strain, after which the slopes were
similar. This increase in R/Ro may be associated with thetime-dependent effects
discussed with respect to Figures 2&&F, as less time is available for the NW network to
align and reduce its R/Ro under high rates of strain. Thus we see that the matrix stiffness

can not only affect the static increase in R/R, but also its time-dependent behavior.
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Figure 30: Demonstration of s tretchable LED circuit (A) at 0% and (B) 50% strain.
Serpentine variant of stretchable LED circuit at (C) 0% (D) 300% strain.

3.2.5 Patterning for Circuit Manufacturing

In addition to the ability to make highly conductive composites that retain their
conductivity under strain, the filtration -based fabrication approach reported here can be
used to pattern the Cu-Ag NW composite onto stretchable fabric. In addition to
enabling the creation of wearable stretchable circuits, Figure 30shows how patterning

onto fabric can be used to create conductive traces that enable much greater

67
























































































































