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Abstract

Flexible and stretchable electronics are the new format of electronics that remain
functional with mechanical bending, twisting, and stretching. These new kinds of devices
are expected to open up new opportunities and uses by reforming the way we interact
with electronics and fundamentally change our life. To reach these goals, we must move
beyond conventional hard, inorganic materials such as glass and silicon and find ways to
incorporate electrical function into soft materials that are flexible or even stretchable.
This thesis focuses on the development of compliant electronic components including
transparent conductive electrodes, light-emitting materials, and metallic electrodes, and

their integration into soft light-emitting devices.

Chapter 2 reports a new and simple method using shadow masks to produce
flexible and stretchable patterned silver nanowire (AgNW) coatings. We easily obtain a
variety of geometries and resolutions of the patterns using different shadow masks.
These coatings are highly conductive and transparent and exhibit high flexibility,
stretchability, and mechanical robustness. We demonstrate their use as electrodes in
light-emitting electrochemical cells (LEECs) and show that these devices function during

bending.

However, due to the high permeability of PDMS substrate, water and air in
ambient condition easily penetrate through the substrate and corrode AgNW network to
form less conductive particles or rods, making it not suitable for long-term stable
applications. To solve this challenge, Chapter 3 reported the fabrication of a chemical

stable AQNW composite by simply replacing the highly permeable PDMS substrate with

vii



a new airtight material—transparent butyl rubber. The resulting coatings very well
maintain their optical, electrical, and mechanical properties when exposing to extremely

harsh conditions such as underwater or acidic vapor.

Chapter 4 investigates a feasible method to fabricate a stretchable light-emitting
material with an improved optical performance by mixing an ionic transition metal
complex with an elastic graft copolymer and an ionic conductor. The graft copolymer not
only provides the stretchability by its elastic backbone but also acts as ion hosting
materials due to its ion trapping side chains. We demonstrate that devices made from this

material emit bright yellow light and keep emitting light under repetitive strain cycles.

Chapter 5 describes a new, simple, low-cost solution-based scalable method to
produce patterned gold film with microcontact printing on elastomeric
polydimethylsiloxane (PDMS). This solution-based method enables the metal deposition
on not only flat surfaces but also any other irregular shapes. Additionally, the patterning
method is also compatible with uneven surface due to the high comfortability of PDMS.
Unlike traditional physical vapor deposited gold films that experience electrical failure at

very low strain (~1%), our gold films still remain highly conductive at 90% elongations.
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1. Chapter 1

Introduction



1.1. Compliant Electronics

The global market for compliant electronics has had tremendous growth and is
expected to reach > $800 million USD dollars by 2023 from ~$28 million in 2017.
Unlike traditional electronics that are made from rigid and bulky components, these
flexible and stretchable electronics are a new format of devices fabricated from materials
that retain their functionality even during mechanical deformation such as bending,
twisting, and stretching. These fully deformable devices open up new applications that
were previously impossible to achieve using conventional rigid materials such as
compliant energy harvesting systems,? optoelectronics,®* sensors,> actuators,® artificial
skins,” smart clothing,® soft robots,” and bioelectronics.'® This dissertation focuses on the

development of deformable, low-cost, electroluminescent (EL) devices.
1.2. EL Devices

Compliant lighting devices are expected to bring new possibilities that inspire
people’s imagination for a display-centric world in the future. With these technologies,
we could unfold and then hang a large-area screen on the wall to use, and then fold it into
our pockets when we are done. We could directly laminate light therapy devices made
completely from conformable materials to our human body and conduct the treatment
while we can still move freely. We could continuously monitor our health using a suite of
truly conformable health monitors distributed across the body without noticing their
existence. The advance of flexible and stretchable optoelectronics brings these types of
products closer to reality. One principle consideration for fabricating these compliant

optoelectronics is the device structure. It is difficult to incorporate stretchability into each
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layer in a multilayer stack such as the typical conventional organic light-emitting diodes
(OLEDSs) consisting of eight individual layers responsible for charge injection, transport,
and emissive recombination (Figure 1.1a)."* Thus, new types of light-emitting devices

with a simple structure need to be designed.

a Top Electrode b

Light Emitting Layer

Hole Transport Layer Top Electrode

Light Emitting Layer

Substrate ‘ Substrate \

Figure 1.1. (a) Structure of a typical OLED that contains eight layers of active materials. (b)

Structure of a typical ACEL device and LEEC. Adapted with permission from reference 11.

Fortunately, researchers have developed two very promising light emitting
alternatives suitable for stretchability: Alternating-current electroluminescent (ACEL)
devices and light-emitting electrochemical cells (LEECs). These types of EL devices
sandwich a single layer of EL material that combines charge injection and transport

1213 and possess much simpler structures

together between two electrodes (Figure 1.1b),
compared to conventional OLEDs. Thus, it is easier to impart compliance into all three
layers and integrate these three components into one single stretchable EL device.

Another interesting note is that the emissive materials used in these devices are solution-
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processable, which lowers the fabrication cost. In the following sections, we will discuss

ACEL devices and LEECs in greater detail.
1.2.1. ACEL Devices

ACEL devices have been explored for display and lighting applications for almost
three decades.® It sandwiches a layer of EL material between two electrodes, and is
driven by alternating voltage. The emissive material consists of two materials: an organic
or inorganic phosphor, the luminescent center that dominates the optoelectronic
properties of the emissive material, and an insulator, the host material that dominates the
electrical properties of the emissive material.’> The commonly used phosphor is
inorganic ZnS doped with different impurities such as Cu, Mn, and Al to achieve various

emission colors including red, blue, green, and white.™

In these devices, the light originates from field-induced luminescence in the
following sequence: charge injection into the phosphor layer upon the application of AC
voltage beyond threshold, typically from 150 V to 250 V,'* acceleration of the electrons
to high energies under high electrical field and then excite luminescent centers to form
excitons, and radiative relaxation of the luminescent center.!” The high operating voltage,

however, likely stunts their applications in portable and wearable electronics.
1.2.2. Light Emitting Electrochemical Cells (LEECS)

The concept of the LEEC was first introduced by Pei and coworkers in 1995.
LEECs possess a similar device structure to ACEL devices with an emissive layer
sandwiched between two electrodes. The emissive material consists of an ionic EL

material in an ionic environment and is processed from solution.*?*?
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1.2.2.1. Working Mechanism of LEECs under DC Voltage

Studies have revealed two working mechanisms for LEECs: electrodynamic (ED)

|20-23 18,24-27

mode (Figure 1.2a) and electrochemical doping (ECD) model (Figure 1.2b).
Both models agree that separating the cations and anions in the EL layer upon application

of a voltage reduces the electron and hole injection barrier.

The ED model assumes that upon the application of a voltage above the threshold,
charged ions begin to migrate and are redistributed at the respective electrode interfaces
to form electric double layers (EDLs). The EDLs induce a sharp drop of the electric
potential near the electrode interfaces and lower the charge injections barrier. Once the
injection barrier is reduced, significant numbers of electrons and holes are injected into
the emissive material leading to the oxidation and reduction of the emissive material in
the bulk of the material. The oxidized and reduced species are then recombined together,

emitting light in a field-free region.

The ECD model also assumes that the accumulation of ions at anodes and
cathodes leads to the formation of EDLS at the electrodes. The injection of electrons and
holes at the cathode and anode respectively also causes the development of positively
doped (p-doped) and negatively doped (n-doped) regions in the bulk. The counter ions
migrate to neutralize the charge. The doped regions expand over time until a negative
doped-intrinsic undoped-positive doped junction between them forms. Across the
intrinsically undoped region, the applied potential drops substantially and charges

recombine and emit light.

A recent study, however, shows that both the ECD and the ED model are valid

descriptions of the doping action in LEECs where the ED model predominates when only
5
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limited electrons inject into the EL material, and then the ECD model prevails when
substantial electron injection occurs.®® The doped region continuously grows toward
each other at the expense of the undoped area, which causes the quenching of excitons
and leads to a decline in EL intensity and efficiency.”® The speed of forming the EDL
determines the turn-on time of LEECs, and the growing rate of the doped zone is directly
related to the lifetime of LEECs. Both speeds are determined by the electronic and ionic

mobility, the applied voltage and the thickness of the emissive layer.*
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Figure 1.2. Illustration of potential profile and electronic along with ionic charge
distribution in a LEEC during steady-state operation for the (a) ED model and (b) ECD model.

Adapted with permission from reference 11.
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1.2.2.2. Figures of Merit

A set of figures of merit are used in order to quantify the performance of LEECs

with different EL materials. The commonly used figures of merit include:

1. Maximum radiance (Rmax): Maximum flux of light emitted by LEECs,

measured in Watts.

2. Turn-on time (ton): Time it takes for the device to emit light above a particular
threshold. While some researchers define this as the time for the onset of light emission®
or the time it takes to reach the Rmax, > We define this as the time it takes for the device to

reach ~10 nW radiance.
3. tmax: Time it takes for the device to reach the Ryax.

3. External quantum efficiency (EQE): The ratio of emitted photons to the total

amount of injected electrons.

4. Lifetime (t12): The time it takes for the device radiance to decay to one half of

its maximum value.
1.2.2.3. Classification of LEECs

LEECs are classified into two categories according to the difference in the
composition of light-emitting material: polymer LEECs (PLECs) and ionic transition

metal complex LEECs (iTMC-LEECs).'?*

The active layer of a PLEC is a mixture of electronic and ionic conductors. The
conjugated polymer, such as poly[5-(2’-ethylhexyloxy)-2-methoxy-1, 4-phenylene

vinylene) (MEH-PPV)*® or poly(phenylene vinylene),® acts as the electronic conductor,
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and the solid-state electrolyte, typically consisting of an ion-solvating polymer such as
poly(ethylene oxide) (PEO) and a lithium salt, acts as the ionic conductor to provide
mobile ions (Figure 1.3a).** By changing the active conjugated polymer, PLECs emitting

red, blue, green, yellow, and even white light have been reported. 33
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Figure 1.3. (a) Materials used in the first PLEC: conjugated polymer of MEH-PPV, ionic
conductors of PEO and lithium trifluoromethanesulfonate salt. (b) The first [Ru(vbpy)s] (PFe), Ru"-iTMC
used for LEECs. (c) Structure of [Ir(bpy)s]” (bpy = bipyridine), a sample of the largest class of Ir'"'-iTMCs
used in LEECs. Adapted with permission from reference 11.

ITMC-LEECs require a single iTMC as the emissive material since the ionic
nature of iTMC allows it to act as both ionic and electronic conductors. The light
emission occurs by phosphorescence, originating from long live-triplet excitons, and can
be quenched by electrochemical doping. In 1996, Maness et al.*” and Lee et al.*® report
the first iTMC-LEECs made from [Ru(vbpy)s](PFs)® (vbpy = 4-vinyl-4-methyl-2,2"-
bipyridine) that emitted orange light (Figure 1.3b). Nowadays, research on iTMC-LEECs

is mostly based on luminescent ionic biscyclometalated Ir'"' complexes® since they can

emit various colors due to the easily tunable band gap of these molecules.*® Figure 1.3c

shows a sample of the Ir"™ complex.
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1.2.2.4. Challenge of LEECs

As discussed in Section 1.2.2.1, the ion conductivity in the emissive material
strongly influences the optoelectrical performance of LEECs. Mobile ion is essential for
the redistribution of ions to form EDLs to promote the electron injection. The turn-on
time of LEECs is directly determined by the speed of the formation of EDLS; the lifetime
of LEECs is dominated by the growing speed of the doped regions, both of which are
influenced by the ion conductivity. However, the low ion conductivity in the solid state
compared to that in the liquid state results in a delay period (few seconds to several
hours) for LEECs to become operative, which is an obstacle for most practical
applications that require instant response. Several strategies have been reported to
overcome this drawback. The first approach directly adds ionic conductors to the light-
emitting material to increase the ion conductivity. Costa et al. and Parker et al. mixed
iridium iTMCs with an ionic liquid and demonstrated that the tmax or to, of LEECs
fabricated from these iTMCs/ionic liquid composites were decreased by one order of
magnitude.>**" Lyons et al. and Pei et al. blended poly(ethylene oxide)/lithium
trifluoromethanesulfonate (PEO/LiICF3SO3), a known solid electrolyte, into either
ruthenium iTMC or conjugated polymer to enhance the ion conductivity. The t,, was
within a few seconds after incorporating the solid electrolyte into the emissive
material.*®*° The second strategy is to increase the device driving voltage.*”**** The high
driving voltage reduces the charge injection barriers as well as increases the ion

movement speed, resulting in a faster build-up of the EDLs and thus lowering the top.

Although increasing ion conductivity can reduce the to,, it also reduces the device

lifetime. The faster ion movement increases the speed to produce doped regions, which
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causes a quicker exciton quenching and a faster degradation of the emissive materials.
Thus, there is a trade-off between the turn-on time and the lifetime. It is crucial to adjust

the ion conductivity of the light-emitting materials in order to balance the trade-off effect.

To prepare compliant EL devices, each layer in the device needs to remain soft
and functional with deformation. In the following sections, we will explore methods to

incorporate compliance into each layer of ACEL devices and LEECs.

1.3. Strategies to Incorporate Compliance in Transparent

Conductive Electrode (TCE)

The transparent conductive electrode (TCE) is a crucial component of compliant
optoelectronics and largely dictates their mechanical deformability and electrical
performance. It not only acts as a window for light to enter or leave in devices but also
remains conductive under mechanical stress. Several figures of merit are employed to

judge the performance of TCEs made from different materials, which include:

1. Transmittance (T%): Transparency of the material over the visible
wavelengths. It is used to characterize the optical property of the TCE. In general, high
T% is desired for TCE applications. Typically, researchers report the transmittance at a

wavelength of 550 nm since it is in the middle of the visible-light wavelength.

2. Sheet resistance (Rs): A measurement of the resistance of a thin uniform sheet,
analogous to density, that is invariable under scaling of the sheet size, and is used to
compare how conductive a material is regardless of size. Material with a lower R value

is more ideal for application as conductive thin films.

10



3. Surface roughness: A measurement that quantifies the deviations in the surface
smoothness of a film and is often expressed as root-mean-square roughness (Rrms) Which
is an averaging method. Rgrwms plays an important role in thin-film devices by affecting
both the film quality and the device performance. In TCEs, specifically, Rgrms can
influence the optical and electrical properties: Rougher surface results in more light
scattering and thus lower the transparency of TCE; it also leads to potential electrical
shorts if the protruding part of the electrode penetrates through the functional layer and

makes contact with the other electrode. Thus, a low Rgrws is preferred in thin TCEs.

Other features that are important for the development of compliant TCEs include
good conductivity at high bending and stretching strains; durability to repetitive strains;

high throughput patterning methods; and inexpensive fabrication.

Indium tin oxide (ITO) is universally employed in rigid optoelectronic devices
due to its excellent transparency (> 80%), low Rs (10 ~40 Q/sq), and low surface
roughness (< 10 nm).***" However, its brittle nature limits its application as a TCE in
flexible or stretchable electronics.”® Although depositing ITO on a flexible substrate such
as polyethylene terephthalate (PET) slightly increases its flexibility from < 1% to < 5%
before electrical failure, the low processing temperature of PET substrate results in
insufficient conductivity of the resulting 1TO film.** In addition, the slow sputtering
process (linear coating rate of ~0.01 m/s) decreases the throughput rate and thus, raising

the fabrication cost.*

Extensive research has been devoted to replacing the ITO based TCE with one
that can deliver the same high conductivity and transparency, combined with the ability

to tolerate mechanical bending and stretching. Current significant materials for

11
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°152 graphene,® conductive polymers,® metal

substitution include carbon nanotubes,
grids,> and random meshes of nanowires.”®>’ Silver nanowires (AgNWSs) are considered
to be a very promising replacement for ITO due to intrinsically low R (as low as <1
Q/sq) and high transparency (as high as > 90%).>® Randomly arranged AgNWs form an
interconnected percolation network, creating pathways for electrons to migrate and thus
result in a conductive network (Figure 1.4a). The gaps among AgNWs allow light to pass
through and thus make the network transparent. We can easily alter the transparency and
conductivity of AgNWs with a certain diameter and length by controlling the density of
AgNWs deposited on the substrate.”® Additionally, the AgNWSs dispersed in a solvent
such as water and ethanol can be used as an ink for low-cost and high throughput

processing such as roll-to-roll (R2R) techniques,®®®

making it a practical printable
conductor. The contact resistance between individual AgQNWSs increases the overall Rs of
the AgNW network and is undesirable for TCEs.*> To lower the contact resistance
between AgNWs, annealing is used to fuse the AQNW-AgNW junctions.®”®% Thermal
annealing of AgNW networks at a temperature of 200 °C results in the reduction of Rs by
several orders of magnitude (Figure 1.4b).°*%* Moreover, this annealing temperature is
compatible with both plastic substrates, such as PET, polyimide, and poly(ethylene

naphthalate) (PEN), and elastic substrates such as poly(dimethylsiloxane) (PDMS),

making AgNWs suitable for the fabrication of flexible and stretchable TCEs.

12
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Figure 1.4. (a) SEM image of AgNW network. Scale bar = 1 zm (b) Change in resistance as a
function of thermal annealing temperature. The concentration of AGQNW dispersion is 0.75 mg/mL and the

deposited density is 105 mg/m?. Adapted with permission from reference 62.

1.3.1. Strategies to Prepare Flexible AQNW-TCEs

The inherently high aspect ratio of AgNWs makes them intrinsically flexible and
enables the feasible fabrication of flexible TCEs by depositing AgNW dispersion on a
flexible substrate such as PET®**®" or PEN.®® The good dispersity of AgNWs in solvents

such as water and ethanol allows the fabrication of AgNW films using various solution-

57,69 70,71 72,73

based deposition methods including drop casting, spin coating, spray coating,
vacuum filtration,”* and Meyer-rod coating.” As the demand for low-cost fabrication
methods keeps increasing, the R2R process attracts researchers’ attention. The production
cost can be reduced to a fraction of the cost of traditional semiconductor manufacturing

methods due to its high throughput.>*®%°

Unfortunately, AgNW films produced by many of these techniques have two
main issues: poor adhesion to the underlying substrate’” and high surface roughness due
to irregular piles of AgNWs with individual AgNWs protruding > 100 nm from the

surface (Figure 1.5a, b).”*"® The poor adhesion causes AgNWs to be easily removed
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from the surface by touching or scratching. The high surface roughness not only lowers
the efficiency of optoelectronics but also increases the risk of potential short circuits by
causing contacts between two electrodes, or damaging layers with localized high electric

fields.

5 10
Distance (nm)

Figure 1.5. (a) Cross-sectional SEM image of AQNWSs protrusion from the surface of a substrate.
(b) AFM profile measurement of a AGNW film on a silicon wafer. (c) Cross-sectional SEM image of AgNW-
OA coating on a glass substrate. (d) Top view SEM image of a AQNW-OA coating surface. Adapted with

permission from reference 78 (a) and 74 (b-d).

One widely used solution to decrease the surface roughness is to embed AgNWs
in a polymer matrix such as polyurethane,” polycarbonate,”® and polyvinyl alcohol”’

14
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followed by transfer of the AgNW/polymer composite to the target substrate. The
polymer fills in the voids among AgNWs and results in a smooth surface. Additionally,
the polymer adheres to the AgNW network, enhancing the mechanical flexibility. For
example, Miller et al. produced a uniform AgNW network by vacuum filtering and
embedded it in a transparent polyurethane optical adhesive (OA).”* The AgNW
composite adheres strongly to the underlying substrate and is durable, resisting marring,
scratching and solvent exposure. Similarly, Liang et al. used Meyer rod or airbrush to
produce AgNW network on a glass substrate followed by transferring it into a
polyurethane acrylate matrix.° Kim et al. embedded AgNW network in the polyurethane
urea matrix to decrease the surface roughness of the AgQNW composite.®* The resulting
AgNW composites with uniform and smooth surfaces were embedded in, and not

protruding from the surface of polymer matrix (Figure 1.5c, d).
1.3.2. Strategies to Prepare Stretchable AQNW-TCEs

One major strategy to improve the stretchability of AgNWs based TCEs is to
embed AgNWs into a stretchable polymer matrix such as polyacrylate,® polyurethane,®
and poly(urethane acrylate).!® This polymer matrix functions the same as the polymer
matrix in the flexible AQNW-TCEs while significantly increasing the stretchability of the
resulting AgNW-polymer network. Yu et al. embedded AgNWs in a polyacrylate matrix
to prepare an elastic TCE with a transmission of 45% at 550 nm and a stretchability of
16% strain at room temperature.?* Hu et al. further improved the optical, electrical and
mechanical properties of the AgNW/polyacrylate composite by incorporating an aromatic

monoacrylate (Sartomer CN131) and acrylic acid to the polyacrylate matrix.%? The
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resulting composite showed a transmission of 79.6% with a Rs of 7.5 Q/sq and remained

conductive up to 80% elongations.
1.3.3. Strategies to Prepare Patterned AQNW-TCEs

Applications such as displays and touch screens require patterned electrodes.
Thus, to realize the practical use of AQNW-TCEs in a compliant display, we need to

develop patterned and soft AQNW films with various feature sizes.

Various patterning techniques have been demonstrated to produce patterned
AgNW films. Madaria et al. used a dry transfer technique to produce patterned AgNW-
TCE. They first fabricated a PDMS stamp with repeating 1-mm-length square patterns,
and then used this stamp to selectively pick up AgNWSs on an aluminum oxide membrane
and pressing them to the target PET or glass substrate.?® The patterned AgNWs exhibited
the same features as the PDMS stamp, and the minimum dimension was defined by the
dimension of the PDMS stamp. Ko et al. employed a photolithographic method to
produce AgNWSs with circle and line patterns on a glass substrate.?® Drop casting a
poly(ethylene glycol) (PEG) precursor on top of a deposited AQNW network and then
selectively gelating the PEG through a photomask under UV light enables the transfer of
the cured PEG gel along with the underlying AgNWs to a target substrate, leaving the
uncured PEG on the carrier substrate. The generated patterns had a minimum dimension
of 200 um. Liang et al. screen printed a layer of AgNWs from a dispersion in methanol
through a shadow mask on a glass substrate to obtain patterned AgNW lines with a
dimension of 100 pm x 5000 pm.®” Tybrandt et al. filtered an AGNW dispersion through

a patterned photoresist layer on top of a PVDF membrane.® After removing the
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photoresist, patterned AgNWs with dimension as small as 10 um were left on the PVDF
membrane, which was then transferred to a PDMS substrate. Song et al. produced
patterned AgNW grids on plastic substrate such as PET, PEN, and colorless-polyimide
(cPI) utilizing a two-step intense-pulsed-light (IPL) irradiation: first, irradiation of the
AgNW network with IPL through a photomask using a high voltage (2.5 kV for PET and
PEN, 3.0 kV for cPI); and second, removal of the nonradiated AgNWSs using either
ultrasonication or a commercial tape.?® The appropriate IPL irradiation time caused the

welding of AgNWs while too long IPL irradiation time damaged the AQNW network.
1.3.4. Challenge of AgNW-TCEs: Degradation of AgNWSs

When the scale reduces to the nanometer, the high aspect ratio of AgNWs
provides a significantly large surface area to react with oxygen and sulfur, thus
accelerating the silver corrosion process.”®® Previous studies have shown that AGNWs
break into small rods or particles after reacting with oxygen and sulfur-containing gases
(Figure 1.6a, b) and undergo electrical failure in only a month when storing in
atmosphere and even shorter lifetime when exposed to harsh environments.®%*% This

poor stability makes it challenging to employ bare AgNWs for any realistic applications.

A barrier layer has been employed to coat individual AQNW or fully overcoat the
entire AQNW network to delay the degradation process of AgNWSs. Coating the surface
of each individual AgNW with a protective material such as metal,*°® metal oxide,” and
photoresist®® forms a core-shell structure (Figure 1.6¢). The outer shell shields the inner
AgNW core from interacting with the destructive environment and therefore protects it
from corrosion. Eom et al. electrodeposited a nickel shell on the exposed surface of

AgNWs for 20 s to produce a Au/Ni core-shell structure on PDMS substrate with a
17
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transmittance of 75% and a R of 26.03 Q/sq. The Rs increased 1.35x after exposing to
80 °C and 85% relative humidity (RH) for 14 days.”® Wang et al. deposited a patterned
barrier of positive photoresist (OFPR-800 LB) in situ on the surface of AQNW on glass to
realize the stability improvement.®® The resistance of the resulting AgNW films
increased to 1.7x after storing 30 days in 85 °C/85% RH environment. Although this
method could preserve the conductivity of AGNW network in hot and humid conditions,
the change in transparency and mechanical deformability has not been systematically

studied yet.

€= ANW/PET

-~ Graphene

Figure 1.6. (&) SEM and (b) TEM images of corroded AgNW network after storing in ambient
conditions for 30 days. (c) Illustration of core-shell structure that protects AGNW from interacting with
corrosive environments. The green shell represents the gold shell and red core represents the silver core.
(d) Schematic structure of the graphene barrier on top of AQNW network on PET substrate. Adapted with
permission from reference 92 (a), 90 (b), 95 (c), and 101 (d).
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Coating or encapsulating the whole AgNW network using chemical inert material
is another option. Graphene is an attractive over-coating material due to its high chemical
and thermal stability, high mechanical property, and high optical transparency.'%
Additionally, the graphene sheet also provides extra electron pathway, increasing the
conductivity of the resulting AgNW-graphene hybrid film. Dong et al. fabricated
graphene coated AgNW network on flexible PET or PEN substrate by first spin-coating
AgNW dispersion onto a chemical vapor deposited monolayer graphene and then
transferring this AgNW-graphene structure to the target flexible substrate.”™ The
resulting graphene/AgNW/polymer composites display a transmittance of 88.3%, a R of
8.06 Q/sq, and a repetitive bendability (250 cycles of bending the composite to a radius
of 2.0 mm). The conductivity of this structure changes negligibly within one-month
storage in ambient conditions. Butyl rubber (poly(isobutylene-co-isoprene), IIR) is
another promising protective material. It is known for its elasticity, chemical inertness,
and high impermeability and has been widely used in applications in the automotive
industry as inner liners of tires, in the pharmaceutical industry as impermeable stoppers,
in laboratory products such as gloves, and so on. Vohra et al. developed a new method to
produce transparent IR (T-1IR) sheets with a high transmittance of 75% at a wavelength
of 550 nm.2%? The elastic, inert, and impermeable properties combined with the high
transparency now make it suitable as a barrier material to protect AQNWSs. Vohra et al.
also showed that laminating a T-l1IR sheet as over the AgNW network on glass
successfully protect the AgNW percolation network and preserved its conductivity and

transparency even after exposing to concentrated nitric acid vapor for 24 h.**

1.4. Strategies to Incorporate Compliance into Emissive Materials

19


file:///E:/Chapter%201%20final.docx%23_ENREF_99
file:///E:/Chapter%201%20final.docx%23_ENREF_100
file:///E:/Chapter%201%20final.docx%23_ENREF_101
file:///E:/Chapter%201%20final.docx%23_ENREF_102
file:///E:/Chapter%201%20final.docx%23_ENREF_102

The emissive layer is one of the most crucial components in LEECs and ACEL
devices. This layer needs to maintain its performance under reversible deformation in
order to be used in compliant EL devices. There are two strategies to impart compliance
to the emissive material. The first approach transfers the entire ultrathin device onto a
pre-stretched elastomeric substrate. The substrate is first stretched to a desired high strain
followed by transferring the already-fabricated ultrathin device onto the substrate. Upon
relaxing to its initial state (0% strain), the substrate along with the device buckles to
accommodate the compression strain. When the devices are subjected to stretching, the
buckles are flattened and converting the stretching strain to bending strain, and thus
enables a high stretchability. White et al. employed this method to prepare elastic
polymer-based organic light-emitting diodes (PLEDs) on 1.4 um ultrathin VHB

103

substrates.™ With 100% prestrain of the substrate, the PLED remains functional up to

100% tensile strain and many times of repeated stretching cycles.

The second strategy is to develop intrinsically stretchable light-emitting material.
In 2011, Yu et al. demonstrated the first elastic PLEC by utilizing a mixture of
fluorescent polymer super yellow (SY), an ionic conductor PEO-dimethacrylate ether,
and a lithium salt as the emissive material and two single-walled carbon nanotube
(SWNT)-polymer composite as both electrodes.®> This PLEC retained light emission
with stretching up to 45% elongation when heated to 70 °C. In 2013, Liang et al. further
improved the stretchability of PLECs by using the same emissive material but replacing
the electrodes with two AgNW-polyurethane acrylate (PUA) composite electrodes.®® The

resulting PLEC continued to emit yellow light even when subjected to elongations as
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large as 120% (Figure 1.7a). However, the EL performance trailed off quickly at strains

above 40% elongation due to damage to the SY.

0% strain % strain 120% strain

Figure 1.7. Examples of intrinsically stretchable light-emitting devices: (a) stretchable PLEC, (b)
stretchable iTMC-LEEC, and (c) stretchable ACEL devices. Adapted with permission from reference 80
(@), 104 (b), and 105 (c).

Filiatrault et al. realized the first stretchable iTMC-LEEC in 2012.** They
dispersed Ru(dtb-bpy)s(PFs), (dtb-bpy = 4,4’-di-tert-butyl-2,2’-dipyridyl) in an
elastomeric matrix of PDMS as the emissive material, a semi-transparent thin gold film
on PDMS substrate as the top electrode, and a drop of deformable liquid metal, eutectic
indium gallium (EGaln) as the bottom electrode. The resulting device emitted bright
orange light with bending, twisting (Figure 1.7b), stretching up to 27% strain, and after

50 cycles of 15% stretching strain.
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In 2015, Wang et al. developed highly stretchable ACEL devices using copper
doped ZnS powder as the phosphor and PDMS as the insulator.'® PDMS also provides
stretchability to the emissive layer. To complete the device, they used AGNWs on PDMS
substrates as both electrodes. The resulting ACEL device exhibited a stretchability of
100% while still emitting bright blue light (Figure 1.7c). Later in 2016, they replaced the
PDMS matrix to a more stretchable silicone rubber, EcoFlex, with an elongation at break
of 980% to improve the stretchability of both electrodes and emissive materials.'®
ACEL devices fabricated with ionic conductor-EcoFlex composite as both electrodes and

ZnS: Cu-EcoFlex composite as the emissive material remained to emit bright blue light

up to 700% elongation.
1.5. Strategies to Incorporate Stretchability to Metallic Electrode

The last layer in ACEL devices and LEECs is the bottom electrode which is a
conductive layer that does not require transparency. Metal is the material of choice due to

7 In particular, gold attracts researchers’

their low electrical resistivity (> 10® Q-m).
attention due to its chemical inertness and biocompatibility besides the high conductivity.
These properties enable the application of gold in bioimplantable electronics,’® health
monitors,'® and wearable devices.™™® However, freestanding metal films fracture at low
strains (< 1 %) since the strain localization at the defect sites causes the metal to neck and
generating a crack (Figure 1.8a)."'* The single crack will propagate through the film and

112

breaks the electrical pathway, resulting in a limited stretchability. Hence, it is

challenging to directly adapt metals to bottom electrodes in stretchable EL devices.
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Many studies have shown that adhering the metal thin film onto a compliant
substrate can delocalize the strain over the entire metal film to enable an improved
stretchability. Stretching causes the well-adhered metal film to elongate with the
compliant substrate and forming multiple cracks instead of a single rupture (Figure
1.8b).M 13115 These cracks increase the resistance of the metal film with stretching.
Further elongation causes the cracks to propagate to form channel cracks (Figure 1.8c).

Eventually, the channel cracks propagate through the whole width of the metal film,

resulting in the cease of conductivity at ~20% strain. Lacour et al. showed that 100-nm-

thick gold films on top of a 5-nm-thick adhesion interlayer of chromium bonded to

4 Further

PDMS substrate can remain electrically conductive to 22% tensile strain.**

elongation causes the break of conductive pathways and the cease of conductivity (Figure

1.8d).

- - 10 T 11000

a _ \E — d . / : j

metal film — ——= — s . P
—F— ¥ — - y ) 2
—_——_—— = ¢ '/ ]mé
— ey - — y [

b (et i === = Tl
=== — g / @
== = - - i ¢
e ———— — 24 200
= — = =

polymer substrate e —l
— e — — 04 0
_———= IU 0 2 4 6 8 101214 16 18 20 22 24
e ———

appllod tensile strain,__ (%)

|

—

Figure 1.8. lllustrative scheme of (a) fracture of freestanding metal film and (b) the local

elongation in the film suppressed by the substrate when the film well adheres to a substrate. (c) Optical
micrograph of the gold film on PDMS substrate at 20% strain. (d) Normalized change in resistance as a
function of applied tensile strain. Adapted with permission from reference 111 (a, b) and 123(c) and

114(d).
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Compliant optoelectronics need to remain operative to strains higher than 22%.
Thus, we need to develop new methods to impart higher stretchability into metal films.

The following sections will discuss the strategies employed to achieve these goals.
1.5.1. Stretchable Configurations

One of the most common methods to improve the stretchability of metal films is

116,117

to configure them into stretchable structures such as wavy, pop-up,'® or serpentine

designs™**%

that convert the applied stretching strain to less destructive bending strain
(Figure 1.9a-c). A pre-stretch method is used to generate a wavy ribbon design.
Specifically, the flat metal film is adhered to the pre-stretched elastic substrate (Figure
1.9a). Upon releasing the pre-strain, compression force in the system causes nonplanar
buckling of the metal film and generates a wavy structure. The amplitudes and periods of
the waves change to accommodate the mechanical deformation when stretching the wavy
ribbons. Jones et al. fabricated stretchable gold films that retain electrical conductivity up
to 100% strain by evaporating 5 nm of chromium and 20 nm of gold on 25% uniaxially
prestretched PDMS substrate followed by relaxing to 0% strain.” In a pop-up structure,
the out-of-plane interconnects flatten to accommodate the deformation when subjected to
mechanical strains (Figure 1.9b). Kim et al. exploited this method to prepare gold circuits
that remained conductive up to 100% tensile strain."'® In-plane metal serpentines rotate
in plane and twist out of plane at the peaks to accommodate the applied stretching strain,
leading to reduced intrinsic strains in metal (Figure 1.9c). Gray et al. showed that the
serpentine gold wires remained conductive up to 14.2 + 0.5% elongation while straight
wires lost conductivity at 2.4 + 0.5% strain.**
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=

Figure 1.9. SEM images of (a) stretchable wavy ribbons, (b) popup structure, and (c) coplanar
serpentine designs. Adapted with permission from reference 117 (a), 118 (b) and 119 (c).

These methods allow for the fabrication of conductors that will experience very
low resistance changes up to a limit after which the tensile strain can no longer be
converted to bending strain. Tensile strain beyond the prestretch or the critical point
results in crack formation to accommodate the elongation. Thus, these conductors are
only suitable for applications with a limited stretching range. Although the stretchable
metal films fabricated with pop-up configurations can be used as interconnects or strain
sensors, their uneven surfaces could cause a heterogeneous distribution of the electric
field, resulting in non-uniform charge injection and consequently affecting the EL
performance. Therefore, metal films with out-of-plane configurations are not suitable to
act as electrodes in thin film devices. Also, the high-profile surface has the potential to
cause electrical shorts between the top and bottom electrodes, which is undesirable for
electronics. Although the low-profile in-plane serpentine structures can reduce the
chance of a short circuit, the conductive areas are limited (typically micrometer scale),

making these films not suitable for the fabrication of large-area stretchable electronics.
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1.5.2. Morphology-Induced Cracking

Another promising method to enhance stretchability of metal films is to control

the propagation of cracks with morphology-induced cracks. These topographies, such as

121 123,124

nano-scale pyramids,*?* micron-scale circular pillars,** or random microstructures,
act as defect sites to localize strain and initiate small cracks that relieve strain in the film
when stretching (Figure 1.10). When larger strains are applied, these small cracks
propagate and intercept with each other, limiting the formation of long channel cracks
and preserving the conductive pathway. Mandlik et al. fabricated a two-dimensional
array of nano-scaled pyramids with a height of 250 nm and a period of 1 um on PDMS

121 The electrical

surface followed by depositing a gold film on top (Figure 1.10a).
resistance of the obtained films increased by 4.5 x at an elongation of 25%. Tilting the
nanopatterns 30° further decreased the change in resistance to 1.5 x at 25% strain.
Filiatrault et al. imparted random organized microstructured features to the PDMS
surface followed by coating the surface with gold to generate highly stretchable and
conductive metal films (Figure 1.10b, c).*?®* The microstructured features were fabricated
by spin-coating a commercially available white poly(vinyl acetate) glue onto PDMS

surface. The resulting PDMS/glue/gold structures maintain conducting up to 65%

elongation, much beyond the typical fractures strain of gold on PDMS (~20%).
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Figure 1.10. (a) SEM micrograph of gold film on nanopatterned pyramids with 30° tilt. (b) SEM
of gold film on random features at 0% strain. (c) Optical micrograph of gold film on random features at
60% strain. Adapted with permission from reference 121 (a), and 123 (b, c).

1.5.3. Deposition of Thin Metal Films Using Electroless Deposition (ELD)

To date, electron-beam (e-beam) evaporation, one type of physical vapor
deposition (PVD), has been widely employed in the deposition of metal thin films due to
its variable deposition rate and the precise control of film thickness, structure, and
morphology. However, PVD must operate under vacuum conditions which increases the
deposition cost. Furthermore, PVD is only compatible with planar surfaces, which limits
its application in the coating of three-dimensional objects and the inner surface of
complex geometries. Photolithography is the dominant technology to generate patterned
electronic circuits. However, it generally requires multiple processing steps, and cannot
be easily applied to nonplanar surfaces, further increasing the fabrication cost and
procedure complexity. Thus, we need a low-cost deposition method to generate

stretchable metal films for applications in compliant electronics.

The solution-based electroless deposition (ELD) process is a very promising
alternative. ELD is a solution-based redox reaction that has been widely used to fabricate

microelectronics such as printed circuit boards.** It can be used to deposit metals such
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as silver, copper, nickel, gold, and cobalt onto either metallic or insulating substrates.*
Compared to PVD, ELD does not require expensive instrumentation and is high
throughput, make it cost-effective. Furthermore, the solution-based process enables the
metal layer to coat irregularly-shaped surfaces. It is also a bottom-up process with no

material deposited in undesired regions, utilizing materials efficiently.

The ELD process involves two steps: first, activation of the substrate by
immobilization of the catalyst on its surface, and second, ELD of metal on the activated
surface.!”® Pd/Sn colloids are one of the most commonly used catalysts in ELD.*2%%%
The colloids consist of a Pd rich core and are protected from oxidation by a hydrolyzed
Sn shell. The chloride ions associated with this shell give the colloids a negative charge
to inhibit aggregation and allow the colloids to be electrostatically bound to cationic
functional groups on a substrate. After etching away the Sn shell, the Pd catalyst initiates
metallization in the ELD plating bath, in which metal cation in the plating bath is reduced

chemically to metal atoms at the Pd catalytic surface (Figure 1.11), and the initial layer of

deposited metal autocatalyzes further metal deposition.

28


file:///E:/Chapter%201%20final.docx%23_ENREF_125
file:///E:/Chapter%201%20final.docx%23_ENREF_125
file:///E:/Chapter%201%20final.docx%23_ENREF_126

Catalyst bath Accelerator ELD bath
Sn0,/sncCl, /7 2
Protective Shell ~»

F+++F+ F+++++ T4+ FF

|

’
s
-.-

Charged substrate

Figure 1. 11. Schematic illustration of ELD process. After deposition of the catalyst, the substance
is first immersed into a typical Pd/Sn colloidal catalyst bath. In the following accelerator step, the Sn shell
is etched away, exposing the inner Pd core. In the last ELD bath, the metallic ions are deposited on a
catalyzed surface. The initial layer of metal further initiates the metal deposition with the presence of

reducing agent and eventually results in a continuous metal thin film.

It is important to pattern the metal films since most real applications require a
patterned circuit. One method to pattern the metal film uses microcontact printing (uLCP)
of chemical resist to selectively deactivate a reactive surface (subtractive method)*** or
chemical binder to the catalyst to selectively activate a nonreactive surface (additive

approach).'*®

uCP is a non-photolithographic microfabrication method and is able to
construct features on the micrometer to nanometer scale.*** Additionally, this technique
provides access to nonplanar surface since the stamp is fabricated with an elastomer as
well as remains inexpensive and experimentally convenient. It uses a patterned PDMS
stamp to directly print the desired features to the surface of the target substrate by

contact. Printing the “ink™ on to the target substrate generates self-assembled monolayers

(SAMs). After printing, the surface of the substrate contains regions with and without
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SAMs, and thus produces areas with different surface chemistry that directs the
deposition of metal in the ELD process. Miller et al. prepared stretchable copper films
that remained conductive up to 52% elongation using the subtractive patterning method.
They first used uCP technique to transfer a polymer resist, poly(octadecenyl-alt-maleic
anhydride) (POMA) to the positively charged PDMS surface (Figure 1.12a).2** POMA
prevented the underlying surface from binding to the negatively charged Pd/Sn catalyst
and thus deactivated the ELD process in these regions. After metallization in the copper
ELD bath, they formed patterned copper wires that only deposited into the regions
without POMA. Later in 2010, they used the additive patterning approach to prepare

patterned copper films.*®

They used uCP to selectively transfer a catalyst binder
(tetraphenlyporphyrinato) aluminum (I11) methoxide ((TPP) Al-OMe) to the surface of
oxidized polymer substrates. The regions with (TPP) Al-OMe SAMs adsorbed the Pd/Sn

colloidal catalyst, in which copper was deposited in the following ELD process.

The second patterning method is called matrix-assisted catalytic printing
(MACP). It first polymerizes a receiving matrix polymer on the substrate surface,
followed by patterning an inorganic catalytic salt in a delivering matrix polymer using
dip-pen nanolithography, inject printing, or screen printing."*> After contact, the catalytic
salt transfers from the delivering matrix polymer to the receiving matrix polymer on
PDMS and forms patterned catalyst area where metal deposits in the following ELD
process. Guo et al. exploited polyethylene glycol (PEG) as the delivering matrix
polymer, poly[2-(methacryloyloxy)ethyl-trimethylammonium chloride] (PMETAC) as
the receiving matrix polymer, and (NH4),PdCl, as the catalytic salt to prepare copper

patterns such as stripes, squares, and serpentines on various substrates (PET, PI, cellulose
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paper, cotton fabrics, and PDMS) using this MACP method (Figure 1.12b).*** The

resistance of serpentine metal film increased 1.1 x at 6% strain.

a -,a' PDMS b
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Figure 1.12. Schematic illustration of patterning copper films using (a) 4«CP and (b) MACP

process. Adapted with permission from reference 132 (a) and 136 (b).

1.6. Dissertation Objectives

The overall goal of this dissertation is to develop new materials and simple, low-
cost methods for compliant electronic components and integrate them into EL devices.
This dissertation reports the fabrication of compliant top transparent electrode, emissive

materials, and bottom metallic electrode.
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1.6.1. Fabrication of Patterned and Durable AgNW Composites on

Elastomer

The first section of the thesis investigates a new method to prepare AgNW-based
TCEs. We first present a new solution-based wetting/dewetting approach to selectively
deposit AgNW dispersions onto a PDMS substrate. Wetting/dewetting is an inexpensive,
fast, and high throughput method that exploits the difference in surface free energy to
direct the deposition of AgNW dispersion in ethanol. We create patterned AgNW-
polymer coatings with smooth surfaces and high bendability and stretchability by
embedding AgNWs into a polymer matrix (either flexible urethane OA or stretchable
urethane CF). We examine the surface morphological, optical, electrical, and mechanical
properties of the obtained AgNW patterns and demonstrate the use of AgNW TCEs in

flexible ACEL devices. This research is presented in Chapter 2.

Second, we generate stretchable and durable AgNW-CF coatings on a gas-
impermeable and watertight T-1IR substrate and on PDMS. We compare the change in
the optical, electrical, and mechanical performance of the AgNW-CF coatings after
exposure to humidity, storage under water, and corrosive acid vapor. This study provides
a new solution to prolong the lifetime of functional AQNW-based electronics. This work

is reported in Chapter 3.

1.6.2. Development of Elastomeric Emissive Materials for Light-Emitting

Devices

The second section of the thesis presents the design of new stretchable emissive
materials and their use in LEECs. The low ion conductivity in solid-state emissive

material results in a delayed response for LEECSs. Increasing the ion conductivity reduces
32



the onset time of LEECs, however, decreasing the device lifetime at the same time.
Optimized ion conductivity is required to achieve fast response and long lifetime. In
addition, the emissive materials used for iTMC-LEECs are brittle, not suitable for the
fabrication of stretchable LEECs. Although mixing iTMCs with elastomers imparts
stretchability to the emissive materials, this thermodynamically unfavorable mixing
process leads to significant phase separation in the emissive materials, which adversely
influences the optoelectronic performance of the iTMC-LEECs. To address all the
challenges, we blended an amphiphilic graft copolymer with the iridium iTMC. The graft
copolymer consists of IR backbone and poly(ethylene oxide) (PEO) side chains with
various PEO content (IIR-g-PEO, RgP). The PEO side chains assist in mixing with the
iridium iTMC as well as form solid electrolyte with LiCF3;SO3; to improve the ion
conductivity. The soft RgP copolymer imparts elasticity in the emissive material. By
varying the molecular weight of the PEO graft, we demonstrate the effect of PEO content
on phase separation, device turn-on time and lifetime in rigid LEECs. We also establish
that RgP copolymer supports mechanical stretchability of LEECs fabricated in stretchable

device architecture. This work is presented in Chapter 4.
1.6.3. Fabrication of Stretchable Gold Films on PDMS Substrate

Last, we present the use of a low-cost solution-based method to selectively
deposit gold films onto elastomeric PDMS substrates that retain high conductivity to high
elongations due to the unusual formation of distributed nanocracks on the surface. We
use a combination of electroless nickel/immersion gold (ENIG) deposition and soft
lithographic patterning using a polymeric resist as the ink to prepare the patterned gold

films. The solution-based ENIG process generates polycrystalline gold films that form
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numerous cracks with stretching, which is likely attributed to that the heterogeneous

crystallite orientations of the ENIG films impede the crack propagation. We demonstrate

the use of these films as the bottom electrode in stretchable ACEL devices. This work is

presented in Chapter 5.
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2. Chapter 2

Patterned and Compliant Transparent Conductive Electrode Based

on Silver Nanowires
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2.1. Introduction

Transparent conductive electrodes (TCEs) are fundamental components of
optoelectronic devices, possessing the dual functionality of acting as electrodes and as
windows for light to enter or leave devices. TCEs are used extensively in solar cells,'?

%4 touch screens,” photodetectors,® and transparent heaters.’

light emitting devices,
Requirements for useful TCEs include high conductivity and high optical transparency,
low surface roughness to enable integration into thin-film optoelectronic devices, and
low-cost, high-throughput methods to generate patterned TCEs for use in devices. The
standard TCE material, indium tin oxide (ITO), sets the benchmark for these
requirements, with a high transparency (> 80%), low sheet resistance (Rs < 20 ©/sq), and
low surface roughness (~3 nm).2° The dominance of ITO in optoelectronics is waning,
however, as optoelectronics evolve toward applications requiring mechanical flexibility
and stretchability. These new mechanical requirements are incompatible with 1TO,
which is a brittle ceramic that cracks at strains less than 1%.29*?  Although depositing
ITO on plastic substrates like polyethylene terephthalate (PET) increases its flexibility to
2-3% strain,®® the low processing temperature that PET substrates can tolerate
significantly limits the electrical performance of the produced ITO. Here, we report the
fabrication of patterned silver nanowire (AgNW) networks embedded in an optically
clear polymer matrix on polydimethylsiloxane (PDMS) substrates. Our patterning
method uses plasma oxidation to define a surface wettability pattern on PDMS, which
directs the deposition of AgNWSs within that pattern to produce a variety of feature

geometries with features as small as 50 um. Embedding the patterned AgNW films in a

polymer matrix provides composite coatings are highly transparent and conductive, with
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high flexibility and stretchability. We demonstrate their use as transparent electrodes in

bendable alternating-current electroluminescent (ACEL) devices.

The need for flexible and stretchable TCEs has prompted extensive research using
carbon nanotubes,* conductive polymers,* graphene,™® metal grids,"” or random meshes

of metal nanowires®®*°

to prepare flexible and stretchable TCEs with transparency and
conductivity comparable to that of ITO on glass. Among these candidates, silver
nanowires (AgNWSs) are especially promising for several reasons: AgNWs form an
interconnected network comprising AgNW-AgNW junctions, creating a network of
redundant conductive pathways throughout the film with openings between AgNWs that
allow light to pass through to make the film process an optical transmittance as high as
90% and a sheet resistance as low as 3 Q/sq”® exceeding the benchmark set by ITO.
Compatibility with cost-effective solution processing and the mechanical flexibility of
AgNW films make these materials suitable for the fabrication of large-area, flexible
TCEs; furthermore, the processing temperature of AgNWs of < 200 °C is compatible
with most plastic and elastomeric substrates.?>?* In addition, the high aspect ratio of
AgNWs make them intrinsically flexible and the interconnected silver nanowires slide
and rearrange to accommodate the applied stretching strain, making the network
intrinsically stretchable,?® suitable for the fabrication of mechanically deformable TCEs.
Despite these advantages, two specific challenges hinder the adoption of AgNWs as
electrodes in flexible and stretchable optoelectronic devices. The first is the high
roughness and poor adhesion of AgNWs deposited from solution onto a substrate, which

results in the formation of poorly-adhered, irregular piles with protrusions > 100 nm from

the surface. These protrusions lead to lower device efficiencies compared to ITO-based
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devices and create pathways for electrical shorting.'®** A useful strategy to solve this
problem has been to embed AgNWs into a polymer matrix. The polymer fills in the voids
among AgNWs and thus creates a composite with a smooth surface. Strong adhesion
between the polymer and AgNW network improves the robustness of the resulting
composite. Both flexible polymers, such as polyvinyl alcohol,?* polyurethane,® or
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate),®® and stretchable polymers,
such as PDMS,? polydopamine,?® and polyacrylate?® have been used as the polymer
matrix to embed AgNWs. Among them, polyvinyl alcohol, PDMS, and polyacrylate
have Dbeen directly used as the substrate, whereas polyurethane, poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate), and polydopamine were applied as
coatings on a PDMS substrate. The second challenge is the difficulty in producing
patterned AgNW films over large substrate areas, which is necessary for practical device
applications. Although various patterning techniques have been reported to produce
patterned AgNW films, each process has limitations. Photolithography and wet etching
have the advantage of mass production in industry,**® but the costly multi-step
manufacturing procedure and the use of toxic etchants needs to be addressed. Focused
pulsed laser scribing over the AgNW network can selectively remove AgNWs to form
patterned AgNW films without using conventional chemical etching or lithography.3**®
However, the slow processing rate of spot etching results in low throughput, reducing the
feasibility of using this method to commercialize products. Although solution printing

3536 anables

onto a substrate using methods such as screen printing®* and gravure printing
the mass production of large-area patterned AgNW films, these techniques require

expensive instrumentation and the resolution of the patterns is limited by the nozzle
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geometry, the mask resolution, and solution viscosity. Spin-coating is another commonly
used solution-based deposition technique, which generates uniform AgNW films.*” Yet,
the loss of material makes it less economical. Vacuum filtration of a AQNW dispersion
through a patterned photoresist layer positioned atop a polymer filter produces patterned
AgNW films with features as small as 10 um.*® Dry transfer printing of AgNWSs from an
aluminum oxide filter to PET substrate using a PDMS stamp generates patterned AQNW
lines or pixels.®*® Nevertheless, the overall area of the AGNW patterns generated using

these two methods is limited by the size of the filtering apparatus.

Recent research to solve this patterning problem has developed wetting/dewetting
processes for AgNW dispersion deposition to produce patterned AgNW films.*>*? The
general approach produces patterned hydrophobic and hydrophilic regions on a substrate
surface; the differences in wettability guide the AgNW dispersion within predefined
hydrophilic areas. This wetting/dewetting approach offers significant advantages of
scalability as well as low-cost solution deposition over potentially large areas. For
example, Kim et al. selectively deposited a hydrophobic fluoropolymer on a polyethylene
naphthalate (PEN) substrate using microcontact printing. Subsequently spray coating
AgNW dispersion causes the AgNWs to dewet from the hydrophobic fluoropolymer,
which can subsequently be removed, to produce flexible and patterned AgNW films with
a minimum feature size of ~25 um."'o However, this process can produce connected
residues between the patterned areas, creating undesired conductive pathways. Multiple
deposition/transfer/etching steps also make this approach less practical. Liu et al. treated
a PDMS substrate with UV/ozone through a shadow mask to selectively create etched

hydrophilic regions with a depression of ~600 nm, which enables the spread of an AQNW
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dispersion in the exposed area.** Before transferring the AgNW patterns onto flexible or
stretchable receiving substrates such as PET, PVA, paper, and PDMS, the authors used
the chemical vapor deposition of hexamethyldisilazane to lower the surface free energy
of the oxidized PDMS to enable the release of the AgNW film from the surface. The
generated AgNW patterns have a minimum dimension of ~100 um and withstand a
bending radius of 0.5 mm while remaining conductive. However, the effect of the
chemical treatment on the properties of AQNWSs remains unclear. Additionally, these two
studies did not indicate if the flexibility of the patterned AgNW TCEs can be extended to
stretchability. Akter et al. fabricated patterned AgNW networks with stretchability by
modifying the surface of PDMS through the deposition of polydopamine through a
stencil mask to selectively create hydrophilic regions.”®  Spray-coating an AgNW
dispersion on the modified surface resulted in AQNW deposition only on the dopamine-
modified regions to produce patterned and stretchable conductive films. However, this
report explored the optical, electrical, and mechanical properties of unpatterned
AgNW/dopamine/PDMS composites rather than investigating these properties of
patterned films. Despite the demonstrated advantages of wetting/dewetting patterning, the
surface roughness of the resulting patterned AgNW films, an important factor that affects

the device performance,*® is not reported by any of these studies.

Here we describe a new wetting/dewetting process to fabricate flexible and
stretchable patterned AgNW coatings without the limitations discussed in previous
reports. Instead of etching the PDMS surface with a long UV/ozone treatment, we
selectively create a thin, hydrophilic silicate layer by exposing the PDMS surface briefly

to air plasma through a stencil mask. The resulting surface wettability pattern acts as a
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template to direct the deposition of AgNWSs from solution. To lower the surface free
energy and also eliminate the use of chemical vapor deposition, we simply leave the
PDMS in ambient conditions to allow hydrophobic recovery of the PDMS template,
which enables facile release of the AgNWSs from the surface and allows the patterned
AgNW film to be embedded into an optically transparent polymer matrix
(AgNW/polymer) and adhered to a PDMS substrate. The resulting patterned composite
possesses a low surface roughness and strong adhesion to the substrate with either
flexibility or stretchability by simply altering the elasticity of the polymer matrix. The
resulting AgNW/polymer films are highly transparent and conductive with a low surface

roughness (< 30 nm) that makes these films suitable as mechanically deformable TCEs.

2.2. Results and Discussion

2.2.1. Fabrication of Patterned AgNW/Polymer Coatings

The process to fabricate patterned AgNW/polymer coatings combines
commercially available AgNWs with optically clear polymers, according to Scheme 2.1.
We investigated two optically clear polymers, optical adhesive (OA) and Clear Flex 50
(CF). OA is a liquid polyurethane adhesive that cures when exposed to long wavelength
ultraviolet light. The cured OA has a Young’s Modulus of 1.1 GPa and is flexible. To
fabricate stretchable coatings, we employed CF, a urethane rubber that cures at room
temperature to produce a stretchable coating with a Young’s Modulus of 2.47 MPa. OA
coatings on oxidized PDMS substrates remain adhered to ~20% elongation, at which
point the composite fractures, whereas CF coatings on oxidized PDMS substrates remain
adhered to 106% linear strain, at which point where the composite fractures (Figure S2.1

in the supporting information).
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Stencil mask

- PDMS template

Remove stencil mask

Plasma treatment
Drop cast AQNW solution

Apply PDMS target substrate
Cure OA or CF

Scheme 2.1. Process used to fabricate patterned AQNW/OA and AgNW/CF coatings on PDMS
substrates.

To produce patterned AgNW/polymer coatings, we first fabricate a PDMS
template with a hydrophobic/hydrophilic pattern on the surface. Native PDMS has an
intrinsically hydrophobic surface (water contact angle, 6 = 123.8 + 0.8°) that is not wet
by AgNW dispersions in ethanol. After placing a stencil mask with the desired pattern on
the native PDMS surface, brief (40 s) exposure to air plasma creates a thin, hydrophilic

silicate layer (6 < 20°) bearing surface hydroxyl groups.”> The areas covered by the
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stencil mask remain hydrophobic (6 = 123.2 * 1.4°). The resulting patterned
hydrophobic/hydrophilic PDMS surface defines the AgNW deposition area. Drop-
casting a AgNW dispersion (1 mg/mL, 2 mg/mL, or 4 mg/mL) in ethanol (48 pL/cm?)
onto the patterned PDMS template followed by air-drying on an agitator forms patterned
AgNW films. During the drying process, the AgNW dispersion spontaneously flows into
the hydrophilic regions on the PDMS template and dewets from the hydrophobic regions.
Annealing the patterned AgNW film at 200 °C for 20 min fuses the AgNWs at their
junctions and removes the residual solvent. To enable peel-off of the AGNW films from
the PDMS template, we lower the surface free energy of the PDMS template by simply
allowing the PDMS surface to undergo hydrophobic recovery in ambient conditions for
24 hours. During hydrophobic recovery, low molecular weight chains (i.e., uncrosslinked
linear PDMS chains or residual crosslinking agent) diffuse to the surface through
microcracks in the brittle plasma-induced silicate layer,* lowering the surface free
energy and restoring the hydrophobicity of the PDMS surface (6 = 123.1 £ 0.7°) to
enable the release of the patterned AgNW network to that target substrate, which is a
plasma-oxidized PDMS substrate. Applying a drop of either OA or CF onto the surface
of the AgNW film on the PDMS template, placing the target PDMS substrate on top, and
then curing the polymer adheres the AgNW/polymer film to the target PDMS substrate;
the template can then be easily peeled away. This process completely transfers the
patterned AgNW network from the PDMS template to the target PDMS substrate (Figure
S2.2). We subjected the AgNW/polymer coating surfaces to repeated peel tests with
Scotch tape and did not observe AgNW residue on the tape after 10 peel tests (Figure

$2.3).
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2.2.2. Pattern Dimensions and Resolution

Patterning by wetting/dewetting produces patterned AgNW/polymer films with
various curved and square edges and line widths that correspond to the features of the
stencil mask used to produce the hydrophilic pattern. The feature sizes of the patterned
AgNW films range from millimeters to micrometers (Figure 2.1a-d, S2.4). Figure 2.1a
shows AgNW/OA films patterned into mm-scale letters with curvatures as small as 20°.
Figure 2.1b displays a pattern comprising square wave designs with line widths ranging
from 50 um to 150 um and square shapes with side lengths of 600 um to 1500 um. We
used a single 5 cm x 5 cm stencil mask to fabricate the patterns in Figure 2.1 a and b. For
Figure 2.1c, we placed four 2.5 cm x 2.5 cm stencil masks onto a PDMS substrate at the
same time to fabricate four sets of interdigitated electrodes at once. Each set of electrodes
consisted of six individual electrodes with line widths of 1 mm. We also generated more
complex patterns, such as AgNW grids, that are impossible to achieve with a single
stencil mask. Exposing the PDMS surface to air plasma through a shadow mask with 2-
mm-wide lines spaced by 2.5 mm, rotating the mask 90° and exposing the surface to air
plasma a second time creates the hydrophilic grid pattern. A photograph of the patterned

AgNW/OA grid with overall dimensions of 2.5 cm x 2.5 cm is shown in Figure 2.1d.
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Figure 2.1. (a) Optical micrograph of letters with various curvatures. (b) Optical micrograph of

square and square wave patterns. (¢) Optical micrograph of four sets of electrodes. Each set consisted of
six polygonal chains. (d) Photograph of a patterned grid. Overall sample dimensions are (a-c) 5 cm x 5 cm
and (d) 2.5 cmx 2.5 cm.

2.2.3. Morphology of Patterned AgNW/Polymer Coatings

We used scanning electron microscopy (SEM) to examine the uniformity and
edge definition of the patterned AgNW/polymer coatings. Top-view SEM images of
patterned AgNW/OA lines (Figure 2.2a, b) show that the AgNW line edges with widths
of 50 um and 300 pum are sharp, without AgNW residue outside the pattern, thus
indicating the hydrophilic patterns of the PDMS template control the deposition of the
AgNW dispersion well. The embedded AgNWSs are homogeneously distributed and
interconnected, forming a network (Figure 2.2c). The cross-sectional SEM image of an
AgNW/OA coating on a silicon wafer (Figure S2.5a) shows that the thickness of the OA

layer is ~31 um, similar to that of the CF layer (~30 um) (Figure S2.5b). The AgNWs
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reside at the top of the coating (Figure S2.5c). SEM images also reveal that a higher
density of AgNWs accumulates at the edges of the patterned features, a common
phenomenon in drop casting referred to as the ‘coffee ring effect’ (Figure 2.2d). During
the drying of the AgNW dispersion, liquid evaporating from the edge is replenished by
liquid from the interior due to capillary flow and leading to mass transfer and aggregation
of AgNWs at the edge of the patterned area. The width of the zone depends on the
linewidth of the patterned feature: Coffee-ring zones have a width of ~80 um for features
with linewidths of 2000 um and 1500 um, ~60 um for features with linewidths of 1000

um and 800 um, and ~40 um for a linewidth of 500 um and 300 um. Features of

linewidths of 100 um and 50 um do not show a distinct coffee-ring zone.

52



PHRIEER

g
&3

i
a1
o
g
2
L
=

3]

Figure 2.2. SEM images of patterned AgNW/OA lines with widths of (a) 50 xm and (b) 300 zm on
PDMS substrate. Higher magnification of AQNW networks at the (c) centre and (d) edge of 2000-zm-wide
AgNW/OA lines.

2.2.4. Topography of Patterned AgNW/Polymer Coatings

The inherent roughness of AgNW networks not embedded in polymer is
problematic for thin-film devices, where a smooth surface is required.’*?*** Embedding
the patterned AgNW networks in OA and CF polymers significantly decreases the
surface roughness compared to AgNW networks without polymer. Over an area of 10 um
x 10 um (Figure 2.3a, b), the root-mean-square roughness (Rgrms) Of patterned
AgNW/OA coatings fabricated from a 2 mg/mL dispersion is 21.6 £ 0.7 nm, similar to
that of patterned AgNW/CF coatings made using the same dispersion concentration (22.7
+ 2.6 nm). These values are ~4x lower than the Rrms of AgNW films fabricated using
the same dispersion concentration without the polymer matrix (84.6 = 7.4 nm) (Figure

2.3c). Moreover, AFM profile measurements (Figure 2.3d, e, f) reveal lower peak-to-
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valley-distances for AQNW/OA and AgNW/CF coatings (~65 nm) compared to AgNW

films without the polymer matrix (~350 nm).

We also scanned the edges of the 2 mm x 20 mm patterned AgNW/OA line on
PDMS over an area of 100 um x 100 um to characterize the consequence of the coffee-
ring effect on the roughness (Figure S2.6a). The width of the coffee-ring zone is ~80 pum.
The higher density of AgNW at pattern edges increases the number of overlapped
AgNW-AgNW junctions. As a result, the RMS roughness of the edge of the patterns
(Rrvs = 36.2 = 3.8 nm) is 50% higher than the RMS roughness at the center. The profile
measurement (Figure S2.6b) also shows an increased maximum peak-to-valley distance

over the scan area for the AgNW patterns of ~150 nm.

54



Rpus =21.6 + 1.7 nm

d e f
400 400 400
€300 ‘E 300 €300
£ £ £
+ 200 + 200 <200
2 R k=)
£ 100 £ 100 £100
0+ ¥ " 0 4 T " 0+ T "
0 5 10 0 5 10 0 5 10
Distance (um) Distance (um) Distance (um)

Figure 2.3. AFM height images (Z scale = 150 nm) with Rgys measurements and corresponding
profile measurements of patterned (a, d) AQNW/OA and (b, €) AgNW/CF lines (20 mm x 2 mm) on PDMS
fabricated using a 2 mg/mL AgNW dispersion. AFM height image (Z scale = 350 nm) with Rgrys
measurements and corresponding profile measurement of (c, f) an unpatterned AgNW network fabricated

by drop-casting a 2 mg/mL AgNW dispersion onto a silicon wafer substrate.

2.2.5. Electrical and Transmittance Properties of AgNW/Polymer Coatings

Both AgNW/OA and AgNW/CF coatings on PDMS substrates are highly
transparent and conductive. We collected transmittance spectra and measured the
corresponding Rs of AgNW/OA and AgNW/CF coatings patterned into five 20 mm x 2
mm lines using AgNW dispersion concentrations of 1 mg/mL, 2 mg/mL, and 4 mg/mL
(Figure 2.4, Table S2.1). We measured the R, of each line separately and report the
average of measurements from at least three samples. The R, and optical transparency of
AgNW/polymer coatings depend on the concentration of the AgNW dispersion, with the

expected trade-off between Rs and optical transmittance: Increasing the concentration of
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AgNW dispersion increases the density of AgNWs in the network that decreases Rs as
well as the optical transmittance. The choice of polymer (OA or CF) does not affect the
optical transparency, since both polymers are transparent throughout the visible light
range. The comparable Rs of OA- and CF-based coatings made with same AgNW
dispersion concentration indicates that the electrical network formed by the AgNWs are
independent of the choice of polymer. The R; is also not significantly influenced by the
linewidth: We patterned AgNW/OA and AgNW/CF into lines of the same length (2 cm)
and widths ranging from 50 to 2000 um (Figure 2.5a). Despite the slight variation in the
width of the coffee-ring zone of accumulated AgNW:s at the pattern edge, decreasing the
line width from 2000 um to 50 um did not show a measurable increase in the Rs (Figure
2.5b, c). We chose AgNW/OA and AgNW/CF coatings made from a 2 mg/mL AgNW

dispersion (Rs = 6 Q/sq) for the remainder of this study.
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Figure 2.4. (a) Photograph of patterned AgNW/OA lines on PDMS substrate used for Ry and
transmittance measurements. Transmittance spectra of patterned (b) AQNW/OA and (c) AGNW/CF lines on
PDMS substrates with corresponding Rs. Dotted line shows the transmittance spectrum of the (b)
PDMS/OA and (c) PDMS/CF composite without AgNWs.
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Figure 2.5. (a) Photograph of patterned AgNW/OA lines on PDMS substrate with various line
widths and lengths of 2 cm. R as a function of linewidth for patterned (b) AgNW/OA and (c) AgNW/CF
lines made from a 2 mg/mL AgNW dispersion.

2.2.6. Flexibility and Stretchability of Patterned AgNW/Polymer Coatings

Patterned AgNW/OA coatings are highly flexible. We measured the change in
resistance of patterned AgNW/OA lines with a dimension of 20 mm x 2 mm on 1-mm-

thick PDMS substrates at various bending radii. The bending strain is calculated
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according to equation 2.1, where ¢ is the bending strain, d is the thickness of the

substrate, and r is the radius of the curvature.
e=d/2r (2.1)

The change in resistance (R/Ry) versus the bending strain is plotted in Figure 2.6a.
The resistance of AgNW/OA lines negligibly changed (R/Rp = 1.00 = 0.12) when
bending the films to radii as small as 0.7 mm (71% strain). Flexible TCEs are required to
remain conductive in the process of reuse; therefore, we also tested the durability of the
AgNWI/OA lines to repetitive bending. After 200 cycles of 15% bending strain, the
resistance of the AgNW lines increased by less than twofold its initial value (Figure

2.6h).

Using CF as the polymer matrix produces AgNW/CF coatings on PDMS that
remain conductive with stretching. We stretched 20 mm x 2 mm AgNW/CF lines on 1-
mm-thick PDMS substrates and measured the resistance at 5% strain intervals until the
films were no longer conductive. The R/Rq versus the stretching strain is plotted in Figure
2.6c. The resistance of the AgNW/CF lines increases with elongation, which can be
attributed to the increase in the length of the conductive pathway, as well as damage to
AgNW-AgNW contacts within the network.”” The patterned AgNWI/CF lines remain
conductive up to 70% stretching strain, and become non-conductive beyond this
elongation likely due to separation of AgNW-AgNW contacts within the network.
Releasing the strain, however, enables the reformation, albeit incomplete, of AgNW-
AgNW contacts to recover the network conductivity with an R/R, value of 9.5 + 0.8.
Stretchable TCEs have potential applications in wearable optoelectronics which require

functionality during the repeated bending of joints such as the wrist (~30% strain). We
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subjected patterned AgQNW/CF coatings to repetitive cycles of 30% strain and measured

the resistance in the relaxed state (0%) after every 20 cycles.

The plot of the change in

resistance as a function of the number of strain cycles (Figure 2.6d) shows a slightly

gradual increase in R/Rqo with the number of strain cycles. After 200 cycles, the R/Rg

increases to 3.6 £ 0.2, likely due to irrecoverable loss of AQNW-AgNW junctions during

repetitive stretching.

a 2 - b
15
AN YU —$ €
fid h R b4 &
05
0 . . . .
0 20 40 60 80
Bending Strain (%)
© 400 d
300 4
£ 20 4
100 -
0 e - . .
0 20 40 60 80

Stretching Strain (%)

0 50 100 150 200
Number of cycles

0 50 100 150 200
Number of 30% stretching strain cycles

Figure 2.6. (a) Change in resistance of 20 mm x 2 mm AgNW/OA lines on PDMS substrate as a

function of bending strain. (b) Change in resistance of 20 mm x 2 mm AgNW/OA lines on PDMS versus the

number of 15% bending strain cycles. (c) Change in resistance of 20 mm x 2 mm AgNW/CF lines on PDMS

as a function of stretching strain. (d) Change in resistance of 20 mm x 2 mm AgNW/CF lines on PDMS

versus the number of 30% stretching strain cycles. The concentration of the AgNW dispersion used in all

cases was 2 mg/mL.
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2.2.7. Flexible ACEL Devices with Patterned AgNW/OA TCEs

We demonstrated the use of a patterned AQNW/OA film on a PDMS substrate as
the TCE in flexible alternating-current electroluminescent (ACEL) devices and
characterized the devices before and after cycles of bending. ACEL devices use a simple
architecture that consists of a phosphor deposited between two electrodes; this simple
architecture has previously been exploited in the fabrication of flexible*® and stretchable
devices* that use flexible or stretchable electrodes with an emissive composite
comprising ZnS:Cu phosphor microparticles dispersed in PDMS. We used the patterned
AgNW/OA coating on PDMS to fabricate flexible ACEL devices according to the
structure shown in Figure 2.7a. The device consists of an AgNW/OA coating patterned
into five 20 mm x 2 mm lines on 1-mm-thick PDMS substrates as the TCE. We deposited
the emissive composite of ZnS:Cu phosphor microparticles in PDMS onto the TCE
surface by spin-coating, cured the PDMS at 60 °C, and then completed the device by
simply adhering copper tape to the surface as the top electrode. Unstrained ACEL devices
immediately emit bright, uniform light over the patterned AgNW electrode area when a
voltage of 150 V AC is applied. The flexible ACEL devices maintain light emission
when bent to 5%, 10%, and 20% strain (radii of 10.0 mm, 5.0 mm, 2.5 mm, respectively),
as shown in Figure 2.7b. Bending beyond 20% strain causes delamination of the copper
tape electrode. Although it would be ideal to replace the copper tape electrode with a
second flexible AgNW/OA coating on PDMS, this integration is challenging due to the
weak adhesion between the laminated top AgNW/OA electrode and the emissive layer

resulting in delamination at low bending strains.
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Figure 2.7. (a) Diagram of the flexible ACEL device structure. (b) Photographs of flexible ACEL
devices fabricated with a patterned AgNW/OA (2 mg/mL) coating on PDMS as the TCE, bent to various
strains. (c¢) Temporal evolution of radiance of a typical device operated under 150 V AC in ambient

conditions before and after being subjected to repetitive 20% bending strain cycles.

We tested the durability of these ACEL devices by subjecting them to repetitive
20% bending strain cycles (bending radius of 2.5 mm). We measured the radiance of an
unstrained device and then measured the radiance of the same device after subjecting it to
20, 40, and 60 bending cycles (Figure 2.7c). Three samples were measured, and the
resulting maximum radiance values were averaged. The maximum radiance values
decreased to 91.9 + 0.3%, 85.8 £ 0.5 %, and 66.5 + 0.1% of the maximum radiance of
unstrained devices, after subjecting the devices to 20, 40, and 60 cycles of 20% bending
strain respectively. The decrease in maximum radiance with strain cycles may be due to

a combination of several factors: First, the increase in resistance of the AgNW/OA

62



coating due to repetitive bending may lower the applied voltage on the emissive layer.*’
Second, tens of bending cycles degrade the contact between the top flexible Cu electrode
and the ZnS:Cu emissive layer (Figure S2.7). Third, the degradation of the light-emissive
material itself is typical of ACEL devices and can be attributed to the structural relaxation
at the ZnS:Cu interface resulting in Cu diffusion into the vacancies within the

electroluminescent  materials.*®°

Previous studies have reported that the
electroluminescent intensity of unstrained ACEL devices decreases ~10% each time the

device is operated.*

Replacing the AgNW/OA coating on PDMS with an AgNW/CF coating on
PDMS as both top TCE and bottom electrode is a path to fabricating intrinsically
stretchable ACEL devices; however, the integration of these layers remains challenging.
Pressing the AgNW/CF surface onto the emissive layer results in weak lamination
between the coating and the emissive material, and voids between the AQNW/CF surface
and emissive layer causes an uneven electrical field distribution that consequently affects
the performance of the resulting devices. Stretching these devices easily destroys this
three-layer structure by catastrophic delamination. Future work on these systems will

focus on methods to solve these integration problems.
2.3. Conclusions

We have successfully developed a simple, solution-based and scalable method to
fabricate patterned AgNW networks embedded in both flexible and stretchable polymers
and adhered to a PDMS substrate. The resulting AgNW/polymer composites are highly
transparent, conductive, and remain conductive under mechanical bending, stretching,

and repetitive mechanical deformations, possessing all the essential features that are
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needed for compliant TCEs. We believe that these optical, electrical, and mechanical
properties of AgNW/OA and AgNW/CF coatings, along with the simplicity and
scalability of preparation, can be helpful in the development of new flexible and
stretchable optoelectronic devices. We have demonstrated that ACEL devices fabricated
using flexible AQNW/OA coatings on PDMS as the TCE remain functional with bending.
However, it is still challenging to fabricate ACEL devices that use two AgNW/OA
electrodes or stretchable light-emitting devices that use two stretchable AgNW/CF
electrodes due to challenges with integrating the top electrode in the device via
lamination. Future work will focus on solving this integration problem to create robust

flexible and stretchable optoelectronic devices.
2.4. Experimental

Materials. AQNW dispersed in ethanol (20 mg/mL) with an average diameter of
60 nm and an average length of 90 um was purchased from ACS Material Inc. (Pasadena,
CA, USA). PDMS (Sylgard 184) elastomer base and curing agent Kits were purchased
from Dow Corning (Midland, MI, USA). Polyurethane optical adhesive NOA 73 (OA)
was obtained from Norland Products Inc. (Cranbury, NJ, USA). Urethane rubber Clear
Flex 50 (CF) was purchased from Smooth-On Inc. (Macungie, PA, USA). ZnS: Cu
microparticles were purchased from Shanghai KPT (Shanghai, China). All the materials

were used as received without further purifications.

Preparation of AQNW suspensions. The stock AgNWs suspension in ethanol was
diluted to 1 mg/mL, 2 mg/mL, and 4 mg/mL with anhydrous ethanol. The diluted

solutions were sonicated for 2 min before using.
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Preparation of patterned AgNW films. The PDMS base and curing agent (Sylgard
184) were mixed in a weight ratio of 10:1 and degassed. The liquid mixture was coated
on flat polystyrene Petri dishes and cured overnight in an oven at 60 °C. Cured PDMS
films were cut into squares with a size of 2.5 cm x 25 cm or 5.0 cm x 5.0 cm. A
stainless-steel stencil mask with the desired pattern was placed onto PDMS surface and
then the covered PDMS was subjected to air plasma for 40 s in a Harrick plasma cleaner
at air pressure of 15 psig and flow rate of 10.6 mL/min at medium discharge setting. The
stencil mask was then removed from the PDMS surface, and the patterned PDMS
template was placed onto an agitator (KS 130 Basic, IKA) with an agitation rate of 160
rpm. The diluted AgNW solution was drop cast onto the PDMS template at 48 plL/cm?
while agitating. The AgNW dispersion spontaneously spread in the hydrophilic regions
and dewetted from the hydrophobic areas followed by air-dried on the agitator with
agitation. After annealing at 200 °C for 20 min on a hot plate and cooling to room
temperature, the patterned AgNW films on PDMS template were set aside for 24 h to
undergo hydrophobic recovery. A drop (5 pL/cm? of AgNW film) of OA or CF, was then
placed onto the surface of the patterned AgNW film, and oxidized PDMS substrate was
placed on top after air Plasma for 40 s. OA or CF was allowed to spread for 1 min and
then OA was cured under a UV light (Spectroline Model SB-100p) for 15 min while CF
was cured at room temperature for 16 h. The target PDMS substrate was then peeled off
from the PDMS template, with either AQNW/OA or AgNWI/CF coating adhered to its

surface.

Fabrication of bendable ACEL devices. Patterned AgNW/OA coatings were

oxidized in air plasma for 30 s. ZnS:Cu microparticles were mixed with PDMS
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prepolymer (weight ratio of base to curing agent = 10: 1) in the weight ratio of 2:1 to
produce a phosphor paste. The prepared ZnS:Cu/PDMS composite was then spin-coated
onto the patterned AgNW/OA coating on PDMS substrate at 500 rpm for 1 min. The film
was then cured in an oven at 60 °C overnight. A copper tape cathode was adhered onto

the surface of the resulting ZnS:Cu/PDMS emissive material.

Characterization. Optical microscopy images were taken using an Olympus
BX51 microscope equipped with an Olympus Q-Color 3 camera. SEM images were
collected with a Quanta 200 FEG Environmental SEM (FEI, USA). AFM images (10 um
X 10 um and 100 um x 100 um) were collected using the tapping mode of a Digital
Instruments Multimode AFM. Transmittance spectra were recorded using a Varian Cary
50 UV-Visible spectrophotometer. Resistance values were measured using Keithley 2601
source meter with a minimum of five measurements for each sample. The Rs was
measured using the four-point probe method with all four probes placed on a single
AgNW line. Bending experiments were performed by wrapping patterned AgNW/OA
stripes around cylindrical objects with radii varying from 10 mm to 0.7 mm and
measuring the resistance of the patterned AgNW lines at each bending radius. Stretching
tests were conducted by clamping samples in a microvice stretching (S. T. Japan, USA,
Inc.) and the resistance was measured at 5% increments of strain. Data sets consisted of a
minimum of five samples, and the average was reported. The ACEL device was driven
by a DC power supply (Keithley 2601) together with a TDK CXA-L10A Inverter. The
ACEL light emission radiance was measured with a calibrated UDT S470 optometer

using an integrating sphere.
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2.6. Supporting Information

0% Strain

1 05% strain
mminch

Figure S2.1. Photographs of OA coating on PDMS substrate (a) at 0% strain and (b) fractured at
20% strain. (c) Cross-sectional optical micrograph of OA coating on PDMS substrate after fracture at
20% strain. The OA coating (in the red frame) remains adhered to the PDMS substrate after fracture.
Photographs of CF coating on PDMS substrate (d) at 0% strain and (e) fractured at 106% strain. (f)
Cross-sectional optical micrograph of CF coating on PDMS substrate after fracture at 106% strain. The

CF coating (in the red frame) remains adhered to the PDMS substrate after fracture.
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Figure S2.2. Photographs of (a) AQNW/OA coating on PDMS substrate and (b) PDMS template
after the transferring process. (c) Optical micrograph of PDMS template after the transferring process,

showing that no AgNW residue was observed.
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Figure S2.3. Photographs of AQNW/OA coatings on PDMS substrate (a) before and (b) after 10
peel-off tests. (c) Optical micrograph of the tape after 10 peel-off tests of AQNW/OA coating on PDMS
substrate. Photographs of AQNW/CF coatings on PDMS substrate (d) before and (e) after 10 peel-off tests.
(f) Optical micrograph of the tape after 10 peel-off tests of AQNW/CF coating on PDMS substrate.
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Figure S2.5. Cross-sectional SEM image of a freeze-fractured (a) AQNW/OA and (b) AgNW/CF
coating on silicon wafer fabricated using a 2 mg/mL AgNW dispersion. (c) SEM image of the AQNW/CF

coating surface on silicon wafer.

72



50 100
Distance (um)

Figure S2.6. (a) AFM height image with Rgys measurement and (b) corresponding profile

measurement of the edge of a 2 mm x 20 mm patterned AgNW/OA line on PDMS substrate over a scanning

area of 100 gm x 100 um (z scale = 150 nm). The concentration of the AgNW dispersion used was 2

mg/mL.

Table S2.1. Electrical and optical properties of patterned AQNW/OA and AgNW/CF lines on

PDMS substrate.

Concentration of
AgNWV dispersion
(mg/mL)

1

2

%T (at 550 nm)

AgNW/O
A

86
75
62

AgNW/CF

85
76
60

Rs (€V/sq)
AgNW/OA AgNW/CF
154 £ 36 153 £ 23
62 %16 6.4t 14
29107 30 %06

73



Figure S2.7. Delaminated copper tape (in the red frame) from the emissive layer of a flexible

ACEL device after 60 cycles of 20% bending strain.
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3. Chapter 3

Stretchable and Durable AgNW Composites on Transparent Butyl

Rubber
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3.1. Introduction:

Stretchable optoelectronics that remain functional with mechanical deformation
create opportunities to seamlessly integrate electronics with human beings in fields
spanning solar cells, touch screens, displays, photodetectors, and biomedical light
therapies."  Transparent conductive electrodes (TCEs) possessing high optical
transparency, high electrical conductivity, and mechanical stretchability are essential

components of these optoelectronics. The research community has spent extensive effort

3 4-5

to develop new stretchable TCEs using thin metal films,® metallic grids,** carbon

112 and metallic nanowires.”*"* Among

nanotubes,®® graphene,®*° conductive polymers,
these materials, silver nanowires (AgNWSs) are promising because of their easily
adjustable transparency, intrinsically high conductivity, and solution-based deposition
methods.™*® Interconnected AgNWs form a conductive percolation network through
AgNW-AgNW junctions with openings between AgNWs that allow light to pass through
and create an optically transparent film. AgNWs slide with stretching, leading to the

macroscale elongation of the AgNW network.**"’

The main strategy to impart
stretchability to AgNW-based TCEs relies on the elastomer poly(dimethylsiloxane)
(PDMS) as a stretchable platform for the AQNW network. Embedding AgNWs within a
elastomeric matrix such as polyacrylate,?’ polyurethane,?* or poly(urethane acrylate)'® %
2" fills in the voids in the AgNW network, smoothing the surface and adhering to the
AgNW network to generate AgNW/polymer coating that is then transferred to the PDMS
platform. The strong adhesion between AgNW network and the polymer matrix

constrains the slide of AgNW between each other and the disconnection between
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AgNWs. %192 Stretching AgNW/polymer coatings causes the AgNWSs to reorient along
the stretching direction, narrowing the space between them.??

Although the high elasticity and transparency of PDMS make it a standard
substrate for the fabrication of stretchable AgNW films, its high gas permeability®*
limits the practical applications of AgNW/PDMS composites. Air readily permeates
through the PDMS substrate to oxidize and sulfurize AgNWSs, forming silver oxide and
silver sulfide nanocrystals on the surface. Water vapor accelerates the degradation rate.>"
% These degradation products damage the conductive pathways and eventually increase
the sheet resistance (Rs) of the AgNW network, leading to electrical failure of the AQNW
network and eventually the failure of AgNW-based electronics.* Therefore, it is
important to protect AGNW films from these deleterious environmental factors to
improve the stability and extend the life span of electronic devices made from AgNWs.
One solution has been to coat individual AgNWs with a film of photoresist,® metals such
as nickel®*® or gold,** or metal oxide®” and use the resulting core-shell structures to form
the transparent and conductive network. However, this method can increase the contact
resistance between nanowires and introduce less conductive impurities, leading to a
higher Rs.** The additional processing to coat individual AgNWs before transferring to
the target substrate also increases the complexity of the fabrication. A second method
encapsulates the entire AgQNW network with a barrier material such as graphene,®* a
polymer blend such as poly(dopamine)-alginic acid** and polyethoxysiloxane,** or a
|.43

hybrid of graphene and a polymer such as polycarbonate and polyvinyl alcoho

Although these coatings successfully protect AgNWs from air and humidity, the
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stretchability of these films has not been studied. Additionally, for both methods, the

additional coating layer can reduce the optical transmittance of the film.***

Our approach to protect AGQNW transparent and conductive networks replaces the
PDMS substrate with a new elastomer, transparent butyl rubber, which exhibits a low gas
permeability. Butyl rubber (poly (isobutylene-co-isoprene), IIR) is a well-known
elastomer used in applications requiring low gas permeability, although IR typically
used in industrial applications is not optically transparent. We previously developed
transparent butyl rubber (T-1IR) with an optical transmittance of 75% and oxygen
permeation rate of 216 + 3 cc-mm/m?-day, and showed that this material is an effective
gas barrier layer to protect sensitive optoelectronic materials and devices such as mixed-
halide perovskite films and light-emitting electrochemical cells.® As part of this study,
we showed that laminating a membrane of T-IIR as an encapsulant over an AgNW
network deposited on a glass substrate protects the AgNWs from corrosion due to
exposure to nitric acid vapor for 24 h. In contrast, using PDMS as the encapsulant
resulted in corrosion of the AgNWSs and destruction of the conductive network. The low
gas permeability combined with the elasticity of T-1IR makes it not only an effective
encapsulant to protect AQNW network on rigid substrate, but also an ideal platform for
durable and stretchable AQNW network fabrication. Here, we describe the fabrication of
a stretchable TCE coating by adhering a transparent and stretchable AgNW and
polyurethane composite to a T-1IR elastomeric substrate. The resulting transparent
composites remain conductive up to 110% strain. We further used several extreme
conditions to accelerate the degradation of AgNW films — exposure to humidified air,

storage underwater, and exposure to corrosive acid vapor — and compared the integrity of
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the stretchable AgNW network encapsulated in T-1IR with that of a control system
fabricated using a PDMS platform. T-1IR encapsulated AgNW composites retain their
electrical and mechanical functionality, making them ideal to act as long-term stable

TCEs.
3.2. Results and Discussion

3.2.1. Fabrication of stretchable AQNW/CF coatings

Our group has previously developed a simple method to fabricate flexible and
transparent AgNW coatings composed of an annealed AgNW network embedded in a
flexible polyurethane adhesive, and applied these coatings to various substrates such as
glass, polyethylene terephthalate, and PDMS.** To fabricate stretchable AgNW coatings,
we used a similar method, replacing the flexible polyurethane adhesive with the optically
clear polyurethane rubber Clear Flex 50 (CF), which has a low Young’s modulus of 2.47
MPa. The low Young’s modulus of CF, T-1IR (0.41 MPa) and PDMS (2.05 MPa) makes
each material suitable for the fabrication of stretchable TCEs. We produced stretchable
AgNWI/CF coatings on T-1IR and PDMS substrates according to Scheme 3.1. We first
fabricated a PDMS carrier substrate for the formation of the AgNW network by exposing
a native PDMS surface to air plasma for 40 s, which creates a silicate layer* that enables
the AgNW dispersion in ethanol (0.5 mg/mL, 0.7 mg/mL, 1.0 mg/mL, and 2.0 mg/mL) to
spread on the surface. After drop casting the AgNW dispersion (48 pL/cm?) and drying
in air, we annealed the AgNW films at 200 °C for 20 min to fuse the AgNWs at their
intersection points.** We then reduced the surface free energy of the PDMS carrier

substrate to enable release of the AgNW network by allowing the PDMS to undergo
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hydrophobic recovery in ambient conditions overnight. Hydrophobic recovery of PDMS
IS a spontaneous process in which low molecular weight residues in the bulk PDMS
diffuse to the surface to lower the surface free energy and restore the hydrophobicity of
the PDMS surface.*®*" We then deposited a drop (5 pL/cm?) of CF onto the surface of
the AgNW film on the PDMS carrier, and placed the target substrate on top. Target
substrates were T-1IR or PDMS substrates exposed to oxygen or air plasma to allow the
CF adhesive to wet and bind to the surface.*® After curing the CF, the PDMS carrier
easily peels away to leave AgNW/CF coating strongly adhered to the target substrate
(Figure S3.1 in the supporting information). The abbreviations designated to the
AgNWI/CF coatings on these two substrates are T-1IR/[AgNW], and PDMS/[AgNW],
respectively, where n represents the concentration of the AgNW dispersion (0.5, 0.7, 1.0,

and 2.0 mg/mL) used to fabricate these coatings.
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PDMS carrier

1. Plasma treatment
2. Drop cast AGQNW solution

1. Anneal AgNW films and leave for 24 h
2. Apply polyurethane CF

1. Apply target substrate, PDMS or T-1IR
2. Cure CF

Scheme 3.1. Process used to fabricate AQNW/CF coatings on T-1IR or PDMS substrate.

3.2.2. Surface Morphology of T-l1IR/[AgNW], and PDMS/[AgNW],

Composites

Scanning electron microscopy (SEM) images of T-IIR/[AgNW], and
PDMS/[AgNW], composites reveal that AgNWs are uniformly distributed on the surface,

forming a network structure (Figure 3.1a-d and S3.2a-d). As the concentration of the
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AgNW dispersion increases, the density of AgNWs in the CF film also increases.
Circular particles with sizes ranging from 100 to 300 nm, and triangular particles with
sizes ranging from 0.75 to 2.24 um, were present in all AQNW films. These particles
likely arise from storing AgNWs in ambient conditions, which causes the migration of
Ag atoms from AgNWs to form silver particles.’**3¢ Cross-sectional SEM images of a
AgNWI/CF coating (1 mg/mL) on a silicon wafer (Figure S3.3a, b) shows that the AgNW

network resides at the surface of a ~30-um-thick film of CF adhered to the underlying

substrate.

Raus =20.4 £0.7 nm
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Figure 3.1. Top view SEM images (scale =5 um) of (a) T-1IR/[AgNW] s, (b) T-IIR/[AgNW]g7, (C)
T-1IR/TAgNW], o, and (d) T-IIR/[AgNW],, composites. AFM height images (scale = 2 xm, z-scale = 250
nm) with Rgms measurements and corresponding profile measurements of (e, i) T-1IR/[AgNW]os, (f, j) T-
IHR/TAGNW] o7, (g, k) T-1IR/[AGNW], 0, and (h, I) T-IIR/[AgNW],,, composites.
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Atomic force microscopy (AFM) reveals that T-IIR/[AgNW], and
PDMS/[AgNW], composites prepared with the same AgNW dispersion concentration
exhibit similar root-mean-square roughness (Rrms) Vvalues, indicating that surface
roughness is a property of the coating and is independent of the substrate (Table S3.1).
For both substrates, increasing the concentration of the AgNW dispersion to form the
network increases the density of AgNWs in the film, and consequently Rgrms Vvalues
(Figure 3.1e-h and S3.2e-h). For example, the Rrms values of T-1IR/[AgNW]., and
PDMS/[AgNW],,, composites (42.2 £ 1.7 and 38.4 + 1.1 nm, respectively) are ~2 times
higher than that of T-IIR/[AgNW]os and PDMS/[AgNW]o5 composites (20.4 + 0.7 and
17.2 £ 1.6 nm, respectively). AFM profile measurements indicate that peak-to-valley
distances also increase as the concentration of AgNW dispersion increases (Figure 3.1i-
and S3.2i-1). The peak-to-valley distance values for T-IIR/[AgNW]os and
PDMS/[AgNW]os composites are 79.2 £ 4.6 and 76.7 = 1.7 nm, one order of magnitude
lower than for T-1IR/[AgNW],, and PDMS/[AgNW],o composites (156.3 + 4.5 and
143.7 £ 11.7 nm). Overall, however, embedding the AgNW networks in CF polymer
decreases the surface roughness compared to AgNW networks without polymer matrix.
The Rrus of both T-1IR/[AgNW],,0 and PDMS/[AgNW],, composites are ~2.4 x lower
than the Rrms of AgQNW films fabricated without the polymer matrix by drop casting the
same dispersion concentration (2.0 mg/mL) on a silicon wafer substrate (Rrvs = 94.1 £

6.7 nm) (Figure S3.4a, b).
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3.2.3. Electrical and Transmittance Properties of T-1IR/[AgNW], and

PDMS/[AgNW],, Composites

Varying the concentration of the AgNW dispersion used to prepare T-
[IR/[AgNW], and PDMS/[AgNW], composites provides AQNW networks with different
Rs values and transparencies (Figure 3.2 and Table 3.1). We collected transmittance
spectra and measured the corresponding Rs of T-1IR/[AgNW], and PDMS/[AgNW],
composites with a size of 2 cm x 2 cm. AgNWSs exhibit a signature absorbance peak at
365 nm due to the surface plasma resonance;”**® however, this peak is obscured in both
T-1IR/[AgNW], and PDMS/[AgNW],, composites due to the absorbance of the CF
coating in the range of 300-400 nm (Figure S3.5). Increasing the concentration of the
AgNW dispersion produces films with a high density of AgNW conductive paths,
resulting in lower Rg; at the same time, the high AgNW density results in a lower
transparency (Figure 3.2). T-1IR/[AgNW], and PDMS/[AgNW], composites prepared
from the same AgNW dispersion concentration exhibit similar R values, indicating that
the electrical pathways formed by the AQNW/CF coating are independent of the choice of
substrate. However, T-IIR/[AgNW], composites are less transparent than
PDMS/[AgNW], composites due to the intrinsically lower transparency of the T-IIR

substrate: At 550 nm, the % transmittance (%T) is 91% for PDMS and 69% for T-IIR.
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Figure 3.2. Transmittance spectra of (a) T-1IR/[AgNW], and (b) PDMS/[AgNW],, composites.
Dotted line represents the transmittance spectrum of (a) T-1IR substrate and (b) PDMS substrate.

Table 3.1. Summary of electrical and optical properties of T-1IR/[AgNW], and PDMS/[AgNW],

composites.
% T (at 550 nm) R (QV/sq)
Concentration T-IIR/[AgGNW], PDMS/[AgNW], T-IIR/AgGNWI], PDMS/[AgNW],
(n) (mg/mL)
05 482 824 20+22 162 * 36
07 393 747 6.2=09 7817
10 36.3 66.0 42+10 44 %086
20 19.3 456 20+04 16 %03
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3.2.4. Stretchability of T-1IR/[AgNW], and PDMS/[AgNW], Composites

Both T-1IR/[AgNW], and PDMS/[AgNW], composites remain conductive with
stretching. We stretched 2.5 cm x 1.0 cm T-1IR/[AgNW], and PDMS/[AgNW],
composites using a micro-vice system and measured the resistance at 5% strain intervals
until the films were no longer conductive. The resistance as a function of elongation is
plotted in Figure 3.3. In general, the resistances of T-1IR/[AgNW], and PDMS/[AgNW],
composites increase with stretching, which can be attributed to the increase in conductive
path length as well as the breakage of AQNW-AgNW junctions that interrupt conductive
pathways through the network.??** Increasing the AgNW dispersion concentration used
to form the network from 0.5 mg/mL to 2.0 mg/mL enables the AGNW networks of both
T-1IR/[AgNW],, and PDMS/[AgNW], composites to remain conductive to higher
elongations. Increasing the dispersion concentration increases the density of AgQNWs in
the coating, thus providing an increased number of conductive pathways through the
network via AgNW-AgNW junctions.”® Damage to the network and/or AgNW-AgNW
junctions with elongation increases the resistance, but enough AgNW-AgNW junctions
remain connected to maintain conductivity to higher elongations. For example, T-
IIR/[AgNW],5 and PDMS/[AgNW]o 5 composites remain conductive to 40% elongation,
while T-IIR/[AgNW],,, and PDMS/[AgNW],, composites remain conductive up to 95%

and 110% elongation, respectively.
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Figure 3.3. Resistance as a function of tensile strain of (a) T-IIR/[AgNW], and (b)
PDMS/[AgNW],, composites, where n = 0.5 mg/mL (black lines), 0.7 mg/mL (blue lines), 1.0 mg/mL (red

lines), and 2.0 mg/mL (green lines).

For AgNW networks formed using AgNW dispersions of 0.7, 1.0, and 2.0
mg/mL, T-1IR/[AgNW], composites exhibit a smaller change in resistance with
stretching compared to PDMS/[AgNW], composites. The resistance of T-1IR/[AgNW]o,
T-1IR/[AgNW]y10, and T-1IR/[AgNW],0 composites remains < 50 Q to 25%, 35%, and
55% strain, respectively. In contrast, the resistance of PDMS/[AgNW]oz7,
PDMS/[AgNW];o, and PDMS/[AgNW],, composites remains < 50 Q to lower
elongations (20%, 25%, and 40% strain, respectively). Further elongation leads to a

lower resistance increase of T-1IR/[AgNW], composites than PDMS/[AgNW],
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composites. At 70% elongation, the resistance of T-1IR/[AgNW]o7, T-HR/JAgGNW],,,
and T-1IR/[AgNW],,0 composites (R = 1356.7 = 186.1 QO, 215.4 £ 50.6 Q, 62.4 £ 2.5 Q,
respectively) is 4x, 6x and 3x lower than that of the PDMS/[AgNW]o7,
PDMS/[AgNW];,0, and PDMS/[AgNW],,0 composites (5699.8 + 751.3 2, 1345.0 + 285.7
Q, and 176.1 £ 58.7 Q, respectively). T-IIR/[AgNW]o7, T-lIIR/[AgNW].o, and T-
IIR/[AgNW],, composites also remain conductive to higher strains (85%, 110% and
110%, respectively) than PDMS/[AgNW]o7, PDMS/[AgNW]1 0, and PDMS/[AgNW],

composites (70%, 80%, and 95% strain, respectively).

The difference in resistance with stretching between T-1IR/[AgNW], and
PDMS/[AgNW], composites may be attributed to differences in adhesion between the CF
coating and the elastomeric substrate. It has been previously reported that exposure of the
T-1IR substrate to oxygen plasma for 15 min results in the formation of -COOH, -OH,
and ketone groups on the surface in low density.*® In contrast, plasma oxidation of
PDMS is known to produce a uniform layer of Si-OH groups on the surface. These
oxidized elastomer surfaces exhibit different bonding and adhesion to the CF elastomer.
We fabricated T-1IR/CF and PDMS/CF composites without the AgNW network to permit
imaging of the elastomer-CF interfaces under strain. Optical micrographs of the T-
IIR/CF interface at 0% strain are featureless, but upon elongation to 10% strain web-like
features appear and persist to high elongations (70%) (Figure S3.6a-c). We attribute
these features to small, localized delaminations of the CF from the T-lIR substrate,
consistent with the low density of oxidized functional groups on this surface. Further
elongation to 115% strain results in delamination of the CF layer from the T-lIR

substrate. Images of the PDMS/CF interface did not show these features (Figure S3.6d-
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f); instead, these two layers deform together without delamination, ultimately fracturing
into two pieces at 106% strain. We propose that the differences in adhesion between the
CF layer and substrate change the effect of applied stress on the embedded AgNW
networks. In T-1IR/[AgNW], composites, the small delaminations over the interface
absorb the strain energy and permit localized out-of-plane deformations of the CF/AgNW
layer, which enables the preservation of the percolation network.>*>® These out-of-plane
deformations are similar to the stretching mechanism reported for tortuous metal wires
and meshes deposited on elastomeric substrates. Out-of-plane deformations have been
shown to protect these metal-on-elastomer structures from damage due to stretching,
unless separation of the metal from the elastomer occurs, which forms free-standing
metal films that fracture easily. In our T-1IR/[AgNW], composites, the AgNWs are
embedded in and adhered to the CF matrix, preventing the formation of free-standing
AgNWs; thus, the small delaminations between the CF layer and T-IIR substrate are
beneficial. In contrast, the strong adhesion between oxidized PDMS and CF constrains
out-of-plane deformation, compelling the AgNW/CF layer to elongate along with the
PDMS substrate. Absorption of the strain energy by the AQNW network, along with the
inability of the network to deform out of plane, results in damage and loss of

conductivity.
3.2.5. T-1IR as a Gas-Diffusion Barrier for AQNW/CF Coatings

We chose T-1IR/[AgNW]1, and PDMS/[AgNW]., composites to compare the
efficacies of T-1IR and PDMS as protective gas-diffusion barriers. We prepared T-
IIR/[AgNW]1o and PDMS/[AgNW]io composites, laminated a 1-mm-thick T-IIR

membrane over the surface of T-1IR/[AgNW];, composites followed by sealing the
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edges using a waterproof butyl sealant to produce T-1IR/[AgNW]10/T-1IR structures, as
well as adhered a 1-mm-thick PDMS membrane over the surface of PDMS/[AgNW]1
composites followed by sealing the edges using a waterproof silicone sealant to produce
PDMS/[AgNW]1o/PDMS structures. We then exposed the resulting composite structures
to three different environments: (1) 45 °C/ 95% relative humidity (RH) for 30 days, (2)
underwater for 7 days, and (3) nitric acid vapor for 24 h. After these experiments, we

peeled away the top laminated layer (T-1IR or PDMS) for examination and testing.

T-1IR protected the AgNW network of T-1IR/[AgNW]., composites in all three
environments. There is a negligible change in morphology and structure for the well-
protected AgNW networks of T-1IR/[AgNW];, composites, with no indication of the
growth of new nanoparticles on the AgNW surface or drastic changes to the AgNW
network (Figure 3.4a-c). In contrast, the morphology of PDMS/[AgNW]., composites
changed significantly after exposure to all three environments. In addition to the large
particles that were present before exposure, the SEM images in Figure 3.4d and e reveal
that both humidity and immersion in water result in the formation of nanoparticles on the
surface of the AgNWs, which is likely silver sulfide (Ag.S) and silver oxide (Ag.0)
nanoparticles formed by corrosion of AgNWs by ambient sulfur-containing gases such as
sulfur dioxide and carbonyl sulfide as well as water.”® SEM images of PDMS/[AgNW]..
composites exposed to the humid environment furthermore show shortening of the
AgNWs, consistent with the AgNWSs being broken into short rods after storing in the
humidified environment for one month (Figure 3.4d).*® Figure 3.4f shows that the
permeation of nitric acid vapor through the PDMS encapsulant etches the AgNWs,

destroying the structure of the network.
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Figure 3.4. SEM images (scale = 1 um) of T-1IR/[AgNW] ., composites after (a) exposure to 45
°C/ 95% RH for 30 days, (b) immersed in water for 7 days, and (c) exposure to nitric acid vapor for 24
hours. SEM images of PDMS/[AgNW],, composites after (d) exposure to 45 °C/ 95% RH for 30 days, (€)

immersed in water for 7 days, and (f) exposure to nitric acid vapor for 24 hours.

The optical transmittance and electrical conductivity of T-1IR/[AgNW]i0
composites negligibly changed after exposure to all three environments, consistent with
the superior gas barrier properties of T-1IR that protect and preserve the AgNW network
(Table 3.2, Figure S3.7). However, the changes to the morphology of the AgNW network
of PDMS/[AgNW]1, composites caused by the environmental stress strongly affect the
%T and R values. The %T of PDMS/[AgNW]1, composites decreased after exposure to
humidity or immersion in water due to the scattering of light by the particles formed on
the surfaces of the AgNWSs or by the formation of discontinuous AgNW structures.® The
changes to the AgNW network caused by humidity and underwater exposure increased
the Rs of PDMS/[AgNW]1 0 composites to 3.2x and 21.4x the initial value. Changes due

to nitric acid vapor permeation through PDMS were more dramatic: The destruction of
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the AgNW network resulted in an increase in %T at 550 nm from 66% to 92%,

accompanied by a loss of conductivity.

Table 3.2. Summary of electrical and optical properties of T-1IR/[AgNW],, and PDMS/[AgNW] 1o

composites before and after exposure to deleterious environments.

% T (at 550 nm) R, (CVsq)
T-IR/AGNW], , PDMS/[AgNW]; T-IR/[AGNW], PDMS/[AgNW], 5
Before 356 66.2 4113 45 +06
Environment 1: 45 ®C/95% RH for 30 days 35.0 359 50%0.3 107.1£9.0
Environment 2: underwater for 7 days 338 39.4 51%1.0 155 £3.1
Environment 3: nifric acid vapor for 24 h 349 922 56+12 Not conductive

We further assessed how the environmental stresses of humidity exposure and
underwater storage affected the ability of T-IIR/[AgNW]io and PDMS/[AgNW]1
composites to retain conductivity with stretching. After exposure, we measured the
resistance at 5% strain intervals until the composites were no longer conductive and
plotted the resistance as a function of strain in Figure 3.5. We compared these results to
T-1IR/[AgNW]10 and PDMS/[AgNW]; o control composites that had not been exposed.,
also plotted in Figure 3.5. Compared to T-1IR/[AgNW]1, composites, the environmental
stress affects the resistance with stretching of PDMS[AgNW];, composites more
appreciably. Resistance changes with stretching of T-1IR/[AgNW], composites exposed
to humidity and stored underwater remained similar to control T-HR/[AgNW]i,
composites to 95% strain, after which the resistance of humidity-exposed composites
slightly increased (Figure 3.5a). In contrast, humidity exposure caused the resistance of

PDMS/[AgNW]; o composites to increase abruptly from 372 £ 116 Q to 16902 + 6153 Q
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when stretched from 0% to 40% strain, 161x higher than the control. The elongation at
electrical failure of the humidity-exposed composites occurred at 40% lower strain than
that of the control PDMS/[AgNW];, composite. Underwater storage also caused the
resistance of PDMS/[AgNW]., composite to increase rapidly from 29 £ 9 Q to 9235 +

2691 Q at 75% strain, 4.3x higher than control PDMS/[AgNW]., composites at this

elongation.
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Figure 3.5. Resistance of (a) T-1IR/[AgNW],, and (b) PDMS/[AgNW] 1, composites as a function
of tensile strain before (black lines) and after exposure to 45 °C/ 95% RH for 30 days (green lines) and

immersion in water for 7 days (red lines).
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3.2.6. Durability of T-11IR/[AgNW]; cand PDMS/[AgNW]; o Composites

For wearable light-emitting devices, touch panels, and touch screens, the
stretchable TCEs not only need to function under environmental stress, they must also
remain operational with repetitive deformations. To test the durability of T-
IIR/[AgNW]1 0 and PDMS/[AgNW]; o composites to repetitive strain and environmental
stress, we exposed the composites to humidity and stored them underwater, removing
them from these environments at 24 and 48 h intervals, respectively, to apply 50 cycles of
15% tensile strain and then measure the electrical resistance. The resistance versus time
in days and the number of cycles is plotted in Figure 3.6. After 30 days of exposure to
humidity and a total of 750 cycles, and 7 days stored underwater and a total of 350 strain
cycles, the resistance of T-1IR/[AgNW].o/T-1IR structures was negligibly affected. In
contrast, the resistance of PDMS/[AgNW];o/PDMS structures increased by 96x the
initial value (from 13.7 + 1.6 Q to 1308.5 £ 440.5 Q) and 3.5x the initial value (from 13.7

+140Q1t042+16.1 Q).
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Figure 3.6. (a) Resistance of T-1IIR/[AgNW]1o/T-1IR (black line) and PDMS/[AgNW];/PDMS
(red line) structures as a function of the time and 15% strain/relaxation cycles after exposure to 45 °C/
95% RH for 30 days. (b) Resistance of T-1IR/[AgNW],o/T-1IR/ (black line) and PDMS/[AgNW],, /PDMS
(red line) structures as a function of the time and 15% strain/relaxation cycles after immersion in water at

room temperature for 7 days.

3.3. Conclusions

We have successfully fabricated AgNW/CF coatings on T-IIR substrates that not
only possess optical transparency, electrical conductivity, and mechanical stretchability
in ambient conditions but also remain so under environmental stress due to the excellent
gas barrier properties of the T-l1IR substrate. In contrast, the facile permeation of

humidified air, water, and corrosive nitric acid vapor through the PDMS substrate of
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PDMS/[AgNW], composites causes significant changes to the resistance, transmittance,
and stretchability of these composites. Future use of these new T-l1IR/[AgNW],
composites as stretchable, TCEs will open up new applications in robust and reliable
stretchable optoelectronics. Furthermore, the fascinating differences in the resistance
changes with stretching of AgNW/CF layers on T-1IR and PDMS attributed to
differences in interfacial adhesion motivate future studies to further study this effect
experimentally and through modelling.  Adjusting interfacial adhesion in layered
composites may provide a way to fine-tune electrical changes with stretching, leading to

new methods for the design and fabrication of stretchable electronics.
3.4. Experimental

Materials. PDMS (Sylgard 184) elastomer base and curing agent kits were
purchased from Dow Corning (Midland, MI, USA). T-lIR substrates were prepared
according to literature.”® AgNW dispersed in ethanol (20 mg/mL) with an average
diameter of 50 nm and an average length of 120 um was purchased from ACS Material
Inc. (Pasadena, CA, USA). CF was purchased from Smooth-On Inc. (Macungie, PA,

USA). All the materials were used as received without further purification.

Preparation of oxidized T-1IR substrates. T-1IR sheets (~1 mm thick) were cut
into the desired size and sonicated in acetone and isopropanol for 10 min each followed
by drying in a stream of nitrogen. They were then exposed to oxygen plasma for 15 min
in a Harrick plasma cleaner at O, pressure of 10 psig and flow rate of 10.6 mL/min at

medium discharge setting to generate an oxidized surface.
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Preparation of oxidized PDMS substrates. PDMS pre-polymer base was mixed
with the curing agent in a weight ratio of 10:1. The liquid mixture was cast against
smooth polystyrene Petri dishes and cured in an oven at 60°C overnight. Cured PDMS
films were cut to the desired size of films and exposed to air plasma for 40 s in a Harrick
plasma cleaner at air pressure of 10 psig and flow rate of 32 mL/min at medium discharge

setting to generate an oxidized surface.

Fabrication of T-1IR/[AgNW], and PDMS/[AgNW],. AgNW dispersion was
diluted in anhydrous ethanol to 0.5 mg/mL, 0.7 mg/mL, 1 mg/mL, and 2 mg/mL and
ultrasonicated for 1 min before use to reduce aggregation. 48 pL/cm? diluted AgNW
dispersion was then drop-cast onto the oxidized PDMS carrier. The samples were
allowed to dry on a KS 130 basic (IKA) shaker at 160 rpm at room temperature. After
drying, AgNW films on PDMS carriers were annealed at 200 "C for 20 min on a hot plate
to fuse the AgNWs and then set aside for 24 h to undergo hydrophobic recovery. A drop
(5 pL/cm? of AgNW film) of CF Part A mixed with Part B in a weight ratio of 1:2 was
then placed onto the surface of the AgNW film. The oxidized target substrate (T-I1IR or
PDMS) was then placed facing down onto the AgNW film. The CF was allowed to
spread for 1 min and then was cured in an oven at 60 ‘C for 16 h. The PDMS carrier was

then removed to obtain the T-1IR/[AgNW], and PDMS/[AgNW],, composites.

Stability tests. Copper tape was adhered at the edge of AgNW/CF coatings to act
as the contact for the measurement of resistance. A T-1IR barrier was adhered on top of
T-1IR/[JAgNW],, composites and sealed using a waterproof Butyl sealant (Tremco, USA)

to create a T-l1IR/T-1IR/[AgNW], structure. A PDMS barrier was adhered on top of
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PDMS/[AgNW], composites and sealed using a waterproof Silicone | White Silicone

(GE, USA) to create a PDMS/PDMS/[AgNW], structure.

Environment 1, underwater test: The T-IIR/T-IIR/[AgNW], and
PDMS/PDMS/[AgNW], structures were immersed in water in a glass jar at room
temperature for 7 days. Then the protective layer, either T-1IR or PDMS, was carefully
removed from the composites. For the durability test, samples were subjected to 50

cycles of 15 % repetitive strain after removing from water at 24 h intervals.

Environment 2, 45 °C/95% RH test: The T-IIR/T-IIR/[AgNW], and
PDMS/PDMS/[AgNW],, structures were exposed to 45 °C/ 95% RH in a humidity
control chamber (MicroClimate® Benchtop Test Chamber, CSZ, USA). Then the
protecting layer, either T-1IR or PDMS, was carefully removed from the composites. For
the durability test, samples were subjected to 50 cycles of 15 % repetitive strain after

removing from the humidity control chamber at 48 h intervals.

Environment 3, nitric acid test: The T-IIR/T-IIR/[AgNW], and
PDMS/PDMS/[AgNW], structures were placed in a vapor chamber. 10 drops of
concentrated nitric acid were added to the chamber, and the samples were exposed to
nitric acid vapor for 24 h, removed from the chamber, and the barrier layers were then

carefully removed from the samples.

Characterization: Optical microscopy images were taken using an Olympus
BX51 microscope equipped with an Olympus Q-Color 3 camera. SEM images were

collected with a Quanta 200 FEG Environmental SEM (FEI, USA). AFM images (10 um

x 10 um) were collected using the tapping mode of a Digital Instruments Multimode
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AFM. Rgrms values from three different areas of three samples were averaged.
Transmission spectra were recorded using a Varian Cary 50 UV-Visible
Spectrophotometer. Electrical characterization was conducted using a Keithley 2601A
Sourcemeter. EGaln (~5 pL) was first deposited by syringe to the corners (for Rs
measurements) or ends (for resistance measurements) of the AgNW/CF surface to
facilitate electrical contact. R; measurements were carried out using a four-point wire
setup. Stretching properties were tested using a microvice stretcher (S.T. Japan, USA,
Inc.) in which each end of the T-IIR/[AgNW], and PDMS/[AgNW], composites was
secured, and the resistance was measured at 5% increments of strain. A minimum of three

samples was averaged.
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3.6. Supporting Information

Figure S3.1. Photograph of T-1IR/[AgNW],, composites (a) before and (b) after adhesion test
with a Scotch tape. (c) Optical micrograph (scale = 200 um) of the Scotch tape after adhesion test for T-
IIR/[AgNW];, composites. Photograph of PDMS/[AgNW],, composites (d) before (e) and after adhesion
test with a Scotch tape. (f) Optical micrograph (scale = 200 um) of the Scotch tape after adhesion test for
PDMS/[AgNW], , composites.
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Figure S3.2. Top view SEM images (scale = 5 um) of (a) PDMS/[AgNW]ys, (b)
PDMS/[AgNW] 7, (c) PDMS/[AgNW] ., and (d) PDMS/[AgNW],, composites. AFM height images (scale
= 2 um, z-scale = 250 nm) with Rgys measurements and corresponding profile measurements of (e, i)

PDMS/[AgNW]os, (f, j) PDMS/[AgNW]o7 (9, k) PDMS/[AgNW].o, and (h, i) PDMS/[AgNW].o
composites.

AN S N

-

CF matrix

Figure S3.3. (a, b) Cross-sectional SEM images of a freeze-fractured AgNW/CF coating (1

mg/mL) on a silicon wafer. The AGNW network resides at the surface of a ~30-um-thick CF layer.
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Table S3.1. Summary of root-mean-square roughness (Rgyvs) values and peak-to-valley distances
of T-1IR/[AgNW],, and PDMS/[AgNW],, composites.

Rans Peak-to-valley distances
?ﬁ;?;;t:;:'_‘;" T-IR/AGNW], PDMS/IAGNW],  T-IR/AGNWI, PDMS/[AGNW],
05 20407 172+16 792+46 76.7+15
07 257 +3.1 22726 92.9+10.8 93.0 6.4
10 342+22 309+ 11 1268 + 10.4 1276 + 153
20 412+17 38.4+1.1 156.3 £ 4.5 143.7 £ 11.7

5 10
Distance (mm)

Figure S3.4. AFM height image (scale = 2 gm, z-scale = 250 nm) with Rgys measurements and

corresponding profile measurement of AQNW network (2 mg/mL) on silicon wafer without CF matrix.
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Figure S3.5. Transmission spectrum of CF/PDMS composite.

Figure S3.6. Optical micrographs of the interface between CF and T-1IR substrate at (a) 0%, (b)
10%, and (c) 70% strain. Optical micrographs of the interface between CF and PDMS substrate at (d) 0%,
(e) 10%, and (f) 70% strain. The samples were stretched in the horizontal direction.
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Figure S3.7. Transmittance spectra of (a) T-1IR/[AgNW],, and (b) PDMS/[AgNW] , composites
before (black lines) and after exposure to 45 °C/ 95% RH for 30 days (green lines), immersed in water for

7 days (red lines), and exposure to nitric acid vapor for 24 hours (blue lines).
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4. Chapter 4

Stretchable Light-Emitting Electrochemical Cells Incorporating Butyl

Rubber-Poly(Ethylene Oxide) Graft Copolymers

108



4.1. Introduction

Stretchable light-emitting devices function during mechanical deformation and
can conform to curved or irregularly shaped surfaces while continuing to emit light.
These devices are opening up opportunities in areas previously limited by the rigidity of
conventional electronics, with exciting demonstrations of soft interactive displays for
electronic skins,* stretchable displays,® biomedical imaging apparatus for internal
tissues,® electronic textiles,* volumetric 3D displays,® and illuminated panels that can
conform to the human body to provide useful therapies to accelerate wound healing,®

activate chemotherapy drugs,” and aid in pain management.®

There are two strategies to impart stretchability to light-emitting electronic
devices. The first connects rigid light-emitting devices using interconnects with either
stretchable structures®® or made from intrinsically stretchable conductive materials,**
which absorb the strain during elongation. The second strategy develops ways to make
intrinsically stretchable light-emitting devices, in which all device layers — electrodes,
luminescent materials, injection and transport materials — are engineered to be inherently
stretchable so the device itself accommodates mechanical deformation. This approach
enables the fabrication of large-area, conformable, and illuminated panels.***®* The
leading methodology for fabricating intrinsically stretchable light-emitting devices uses
simple device architectures that minimize the number of thin-film layers to thereby
reduce the number of interfaces that can delaminate under strain and cause device failure.
Alternating current electroluminescence (ACEL) devices and light-emitting
electrochemical cells (LEECs) are two device types with suitably simple architectures,
consisting of an electroluminescent material between two electrodes. Intrinsically
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stretchable ACEL devices use a stretchable electroluminescent material — a phosphor
dispersed in an elastomer — sandwiched between two stretchable electrodes. ACEL
devices fabricated using ZnS:Cu microparticles dispersed in poly(dimethylsiloxane)
(PDMS) between stretchable silver nanowire electrodes emit blue light to 100% strain.**
The stretchability of the ACEL device was further improved to 700% elongation by using
ZnS:Cu/EcoFlex composite as the emissive material and ionic conductors on 3M VHB
tapes as both electrodes.® LEECs have a similar device architecture, in which the
emissive layer supports charge injection, charge transport, and emissive
recombination.”'® The luminescent material is either a conjugated semiconducting
polymer blended with a solid electrolyte that provides mobile ions, referred to as
polymer-LEECs, or an ionic transition metal complex (iTMC) that serves as both an
electronic and ionic conductor, referred to as iTMC-LEECs. The key feature of both
LEEC types is the enhancement of charge injection that occurs at the electrode interfaces:
Under an applied voltage, ions in the emissive material migrate to the respective
electrode interfaces, where they accumulate to form electric double layers to reduce the
barrier for electron/hole injection.™*" High ionic mobility facilitates this redistribution of
ions, reducing the time it takes to form the electric double layer and reducing the
response time of the LEEC. Imparting stretchability to LEECs has used the incorporation
of stretchable polymers with the emissive material to create a stretchable emissive
composite, similar to the phosphor-elastomer composites described above stretchable
ACEL devices. For example, Liang et al. reported intrinsically stretchable polymer-
LEECs by blending a stretchable crosslinked polymer with the emissive polymer, and

sandwiching the resulting composite between two AgNW-based electrodes. These
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devices emit light to 120% strain."® Our approach to the fabrication of intrinsically
stretchable light-emitting devices has focused on iTMC-LEECs. We demonstrated the
first example of intrinsically stretchable ruthenium-based LEECs by dispersing the ionic
transition metal complex Ru(dthb-bpy)s(PFs)2 in an elastomeric PDMS matrix to create an
emissive composite.’* Employing a semitransparent gold film on PDMS as the anode
and a drop of indium gallium eutectic (EGaln) as the cathode produced stretchable
LEECs that emitted light to 27% strain, the point of electrical failure of the
semitransparent gold electrode. These LEECs also sustained 50 cycles of repetitive 15%

strains without diminishing the peak radiance.

An advantage of iTMC-LEECs is that emission throughout the visible spectrum
as well as white light emission can be accessed by changing the metal center (Ru, Ir, Os,

cu") or modifying its ligand sphere.**%

Iridium complexes are a particularly
interesting class of materials, as these species can provide emission throughout the visible
spectrum.?® However, low ion conductivity in films of iridium complexes causes a long
delay in the turn-on time (ton), defined as the time it takes for the device to emit light
above a particular threshold, because the counterions are slow to redistribute under the
applied voltage. Values of t,, for Ir-based LEECs range from a few minutes to several
hours. A typical method to reduce t,, for ITMC-LEECs, as well as polymer-LEECs, is to
blend the iTMC or polymer with a polar additive to increase the dielectric constant of the
film.  Such polar materials have included the solid electrolyte PEO/LiCF3SOs,2*%
polymerizable ion-pair monomers and ion transporters,?® oligoether monomers,”’ and
28,29

ionic liquids. This approach not only increases the ion conductivity, but it also

effectively solubilizes polar iTMCs without leading to problematic phase separation.
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Phase separation decelerates and abates the process of electrochemical doping at the
electrodes, leading to a slow charge recombination and light emission,* and can also
cause the inhomogeneous development of electric field distributions that leads to a
degradation of the device stability.® For example, adding the solid electrolyte
poly(ethylene oxide)/lithium trifluoromethanesulfonate (PEO/LiICF3;SO3) to either
polymer-LEECs or iTMC-LEECs produces uniform films and improves the device
response by reducing to, as well as improving tyax, the time it takes for the device to reach
maximum radiance.?*?*3 The PEO/LiCF3SOs solid electrolyte facilitates the movement
of the Li" cations of LiCF3SO3 by dynamic bond making/breaking with the ether oxygen
atoms of PEO. Despite these impressive device improvements, the intrinsic brittleness of
the PEO/LICF3SO3 solid electrolyte eliminates the possibility of intrinsic stretchability.
lonic liquids have also been shown to solubilize iTMCs, increase the ion conductivity,
and reduce to,,. LEECs fabricated from the iTMC Ir(ppy).(dtb-bpy)(PFs) and the ionic
liquid 1-ethyl-3-methylimidazolium hexafluorophosphate decreases the t,, from 5 h to
40 min.”® However, the advantages of LEECs fabricated using brittle solid electrolytes or
ionic liquids to reduce to, and tmax are accompanied by a critical drawback: These
additives cause an unfavorable trade-off with the device stability. The low tmax (30 s) of
Ru-based iTMC LEECs incorporating the PEO/LICF3SO3; solid electrolyte is
accompanied by a corresponding decrease in the lifetime of these LEECs.** The light
output decays to half its maximum value (termed the ty, value) after 1-2 hours of device
operation. For Ir-based LEECs incorporating ionic liquids, reduction of t,, decreases the
device lifetime (the time at which the radiance decayed to one-fifth of the maximum

radiance) by a factor of 3.2 The trade-off between t,, and device lifetime is thought to be

112



caused by electrochemical degradation reactions due to space-charge accumulation near
the electrodes, suggesting that fine control over the dielectric properties of the emissive
film may be an effective way to reach a reasonable compromise between t,, and device

lifetime.

The trade-off described above, along with the intrinsic brittleness typical of many
highly polar additives, indicates it is a challenging problem to prepare iTMC-LEECs that
not only balance reasonable t,, values with acceptable device lifetimes, but also support
intrinsic device stretchability. Here, we introduce a new approach to solve these problems
that blends an amphiphilic graft copolymer with the emissive iridium complex
[Ir(ppy).(dtb-bpy)]*[PFe, in which the graft copolymer combines the necessary disparate
properties into a single material and provide a way to control the dielectric properties of
the resulting film.  The amphiphilic graft copolymer consists of a backbone of butyl
rubber (poly(isobutylene-co-isoprene), IIR) bearing PEO side chains (IIR-g-PEO, RgP)
according to Scheme 4.1. The RgP copolymer is a soft material, designed to impart
stretchability.®® The polar PEO side chains are designed to solubilize the iTMC (the
emissive iridium complex [Ir(ppy)z(dtb-bpy)]'[PFs]) and additionally form a solid
electrolyte with LiCF3SO; to improve the ionic mobility. By varying the molecular
weight of the PEO sidechains, we demonstrate the effect of different PEO content (16, 34,
and 69 wt%) on phase separation in the film, responsiveness and lifetime of the LEECs,

and the ability of the LEECs to sustain mechanical deformation.
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Scheme 4.1. Structure of butyl rubber-PEO graqqqft copolymer (RgP).

4.2. Results and Discussion

We synthesized RgP graft copolymers with three different PEO weight
percentages by varying the MW of the PEO sidechains attached to the IR backbone,
according to the published procedure of Bonduelle et al.** RgP copolymers with PEO
contents of 16, 34, and 69 wt% are designated RgP16, RgP34, and RgP69, respectively.
Previous studies have shown that nonpolar butyl rubber and polar PEO are incompatible,
and noncovalent blends undergo nanoscale phase separation during film formation.*®
Bonduelle et al. previously demonstrated that combining these components covalently in
the RgP copolymer also produces films with phase separation that depends on the PEO
content of the copolymer. Copolymers with very low PEO content (< 12 wt%) formed
microscale patterns consistent with a kinetic trapping mechanism; as the PEO content
was increased from 18 to 65 wt%, the films evolved from micrometer-scale patterns to
nanoscale patterns governed primarily by thermodynamic phase separation. We prepared
films of RgP16, RgP34, and RgP69 using 50 mg/mL solutions in dichloromethane onto
ITO/glass substrates and observed a similar trend through analysis of the resulting films
using atomic force microscopy (AFM). AFM phase images show that each copolymer

undergoes phase separation, with domain sizes that depend on the PEO content of the
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copolymer. In Figure 4.1, we assign the phase with small phase shift angle (blue color) to
IIR domains due to the lower attraction of the AFM tip to the soft regions and the phase
with large phase shift angle (red color) to PEO domains. The AFM phase image of the
RgP16 film reveals the largest IR domains, which range from the nano- to microscale
(~0.15 to 3.0 um?), consistent with the low PEO content of the graft copolymer (Figure
4.1a). Both RgP34 and RgP69 films exhibit nanoscale IIR domains, consistent with the
higher PEO content of these copolymers and the results reported by Bonduelle et al.
(Figure 4.1b, ¢). AFM topographical images show that films of RgP16 exhibit large (~16
um) depressions, whereas RgP34 and RgP69 films both exhibit a fine surface texture
(Figure 4.1d-f). The roughness of all of these films increases as the PEO content
increases, with  RMS roughness values for RgP16, RgP34, and RgP69 films of 2.8 + 0.1
nm, 3.5 + 0.3 nm, and 4.2 £ 0.8 nm, respectively. This trend is likely due to the

crystallinity of the PEO, which increases the surface roughness.**
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Figure 4.1. AFM phase images of (a) RgP16, (b) RgP34, and (c) RgP69 films on ITO/glass. AFM
height images of (d) RgP16, (e) RgP34, and (f) RgP69 films on ITO/glass.

4.2.1. RgP/LICF3SO3/lr Emissive Films

We studied the ability of the three RgP copolymers, as well as that of the two
parent polymers (PEO and IIR), to effectively disperse the ionic components used in
LEECs. We prepared composite films that incorporated LiCF3SO;3; (to form the solid
electrolyte with PEO), and the emissive ionic iridium complex [Ir(ppy)2(dtb-bpy)] [PFs].
Individually, the PEO and IIR parent polymers of RgP copolymers display very different
compatibilities with these ionic components.  Films of PEO, LiCF3SOs; and
[Ir(ppy)2(dtb-bpy)] [PFs] (PEO/LICF;SO4/Ir) prepared by spin coating a 10:0.2:1 molar
ratio in dichloromethane onto an ITO/glass substrate appear featureless under the optical
microscope (Figure 4.2a), and the AFM phase image presents a homogeneous surface
without phase separation (Figure 4.2b), consistent with the well-known ability of PEO to

dissolve ionic salts. The AFM topographical image reveals dendritic structures that can
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be attributed to the crystallinity of the PEO and an RMS roughness of 14.0 £ 1.7 nm
(Figure 4.2c). In contrast, films of 1IR and [Ir(ppy).(dtb-bpy)]'[PFs] prepared by spin-
coating a 10:1 molar ratio in dichloromethane display significant surface texture and
phase separation in optical micrographs and AFM topographical and phase images
(Figure 4.2d-e). AFM phase images reveal irregularly shaped microscale domains of
[Ir(ppy).(dth-bpy)]"[PFe] (the red features in Figure 4.2e), consistent with the
incompatibility of the polar Ir salt with the nonpolar IIR polymer. AFM topographical
images reveal that the poor mixing results in films with a high RMS roughness value of
61.1 + 7.2 nm, ~4 times higher than that of PEO/LICF;SOs/Ir films, and microscale

thickness variations with a maximum peak-to-valley distance of 369.2 + 57.1 nm.

8.0um

Figure 4.2. (a) Optical micrograph, (b) AFM phase image, and (c) AFM height image of
PEO/LiCO3SO4/Ir films on ITO/glass. (d) Optical micrograph, (¢) AFM phase image, and (f) AFM height
image of 1IR/Ir films on 1TO/glass.
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Using PEO sidechains on an IIR backbone in RgP graft copolymers enables the
incorporation of the soft IR in a composite film that also solubilizes the ionic salts. This
solubilization depends on the PEO content in the RgP copolymer. We spin coated a
solution of the RgP copolymer, LiCF3SOs, [Ir(ppy)2(dtb-bpy)]'[PFs] (24 mg/mL), in a
molar ratio of 10:0.2:1 in dichloromethane onto ITO/glass. Optical micrographs of the
resulting films reveal microscale features for RgP16/LiCF3;SOs/Ir composite films,
whereas RgP34/LiCF3;SOs/Ir composite films appear featureless and RgP69/ LiCF3SO3/Ir
composite films exhibit fine surface features (Figure 4.3a-c). We further analyzed the
composite films using AFM to characterize the effect of the added iTMC and lithium salt
on the phase separation and topography of the copolymer films at the nanoscale. AFM
phase images (Figure 4.3d-f) reveal that all three films exhibit phase separation that
differs significantly from films of the RgP copolymers alone. RgP16/LiCF3SO4/Ir films
exhibit an inhomogeneous surface with microscale aggregation of IIR, the majority
component of RgP16. The aggregation is accompanied by broad features in the AFM
topographical image (Figure 4.3g). This inhomogeneity is consistent with the low PEO
content of RgP16, which appears insufficient to effectively solubilize the ionic salts.
RgP34/LiCF3SO5/Ir and RgP69/LICF3SOs/Ir composite films also exhibit phase
separation according to the AFM phase images; however, these composites exhibit
smaller domains consistent with better mixing of the copolymer with the ionic salts. A
comparison of AFM phase images of the composite films (Figure 4.3e, f) with the pure
RgP34 and RgP69 copolymers (Figure 4.1b, c) shows that loading the copolymers with
ionic salts changes how the materials self-assemble during film formation. The domains

in the composite films are larger than the nanoscale domains of both RgP34 and RgP69
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copolymers alone, a consequence of the incorporation of ionic salts. Comparing AFM
phase images of the RgP34/LiCF3;SOs/Ir and RgP69/LICF;SOs/Ir composite films
indicates that mixing is the most effective when RgP34 is the host copolymer:
RgP34/LICF3SOs/Ir  composite  films  form  nanoscale  domains,  whereas
RgP69/LICF3SOs/Ir composite films comprise a combination of nanoscale and
microscale domains. Furthermore, the domains of RgP34/LiCF3;SOs/Ir composite films
show a smaller variation in the phase angle compared to RgP69/LiCF3;SOs/Ir composite
films, suggesting that RgP34/LiCF3;SOs/Ir forms domains containing a mixture of
materials rather than segregation into pure components. The AFM topographical images
of the three composite films reveal that the RMS roughness increases as the PEO content
increases, similar to films of the RgP copolymers alone and attributed to the crystallinity
of PEO. RMS roughness values are 6.5 + 0.4 nm, 9.0 £ 0.3 nm, and 18.2 + 0.9 nm for
RgP16/LiCF3SO4/Ir, RgP34/LiCF3SOs/Ir and RgP69/LICF;SOs/Ir composite films,
respectively. These values are higher than the RMS roughness of RgP copolymers alone,

which can be attributed to the additional ionic salts present in the composite films.

119



2.0um
(e |

Figure 4.3. Optical micrographs of (a) RgP16/LiCF;SO4/lr, (b) RgP34/LiCF;SOs/Ir, and (c)
RgP69/LICF3SO4/Ir  films on 1TO/glass. AFM phase images of (d) RgP16/LiICF;SOs/Ir, (e)
RgP34/LiCF3SO4/Ir, and (f) RgP69/LICF3;SOx/Ir films on ITO/glass. AFM height images of (Q)
RgP16/LiCF3SO4/lr, (h) RgP34/LiCF;SOs/Ir, and (i) RgP69/LICF;SO4/Ir films on ITO/glass.

4.2.2. LEECs Incorporating RgP/LiCF3SO3/lIr Emissive Films

We assessed the performance of LEECs fabricated using RgP/LiCF3SOs/Ir
composite films against two benchmark devices: LEECs fabricated from the pristine Ir
complex alone, without polymer or ionic additives to reduce to,, and LEECs fabricated
from PEO/LiCF3SOg3/Ir to maximize the reduction in to, due to the high PEO content. We

fabricated these LEECs in a non-stretchable device test structure by spin-coating the
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emissive film onto ITO-coated glass (the device anode), and then applying a drop of the
liquid metal EGaln as the cathode (Figure S4.1 in the supporting information). LEECs
fabricated using a pristine film of [Ir(ppy)2(dtb-bpy)]'[PFs] and operated at 6 V DC in an
inert atmosphere show a slow onset of light emission consistent with the reported low
ionic mobility in the film. We define the turn-on time of our devices according to the
detection limit of radiance of ~10 nW. The radiance of the pristine Ir devices exceeded
this lower limit at ~1500 s and continued to increase to a maximum radiance of 85 + 6.8
uW at 3600 s (Table 4.1, Figure S4.2). In contrast, LEECs fabricated from
PEO/LICF3;SO3/Ir composites begin to emit light at a t,, of <1 s, with a tyax 0f 9.5+ 0.7 s
and maximum radiance of 76 + 12 uW (Figure S4.3), consistent with the high ionic
mobility supported by the PEO/LICF3SO3 solid electrolyte. However, the consequence of
using the PEO/LICF3;SO;3 solid electrolyte is a reduction in the device lifetime. For
PEO/LICF3;SOs/Ir LEECs, the time at which the radiance decays to half the maximum
value (ty2) is 129 + 12 s. A similar effect has been reported in other iTMC devices and
can be attributed to quenching of phosphorescence from long-living triplet excitons by
electrochemical doping. Increasing the ion conductivity results in a faster propagation of

the doped zones of LEECs, causing faster quenching of the long-living triplet.®**’
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Table 4.1. Summary of figures of merit for LEECs fabricated from RgP/LiF;CSOs/Ir composites
on ITO/glass operated at 6 V DC in inert conditions

Emissive Material ton (3) tmax (8) Max Rad (uW) tin (s) Max EQE (%)
PristineIr ~ 1500 = 3600 85t 68 = 3600 0.87+0.12
Ir/RgP16/ LiF;CSO; ~2400 = 10800 061+£032 = 10800 027+£011
Ir/RgP34/ LiF;CS0; 12 %3 915+£179 1021 = 10800 0.33+0.04
Ir/RgP69/ LiF;CSO; <1 31+75 2664 336+82 0.54+0.23
Ir/PEOQ/LiF;CS0; <1 95107 76 £ 12 129 £ 12 038 £0.01

LEECs prepared from RgP16/LiCF3SOs/lr, RgP34/LiCF3SOs/Ir, and
RgP69/LICF3SOs/Ir composite films exhibit device properties that correlate to the PEO
content of the graft copolymer. Devices fabricated using RgP16/LiCF3SOs/Ir
composites, with the lowest PEO content, exhibited device properties consistent with the
poor solubilization of the ionic components indicated by the AFM analysis in Figure 4.3.
The turn-on time of these devices was ~2400 s, and the radiance increased until the end
of the testing time of 10800 s (3 h) to reach a maximum radiance of 0.61 = 0.32 uW
(Figure 4.4). Despite the inclusion of the PEO/LICF3;SO; solid electrolyte into
RgP16/LiCF3SOs/Ir LEECs, comparison of these device properties to those of benchmark
devices fabricated from pristine [Ir(ppy).(dtb-bpy)] [PF67 is not favourable. The slower
ton Of RgP16/LiICF3SO3/Ir LEECs indicates that the ion conductivity has not been
improved, likely because the low PEO content of the copolymer limits the number of
sites for LiCF3SOj3 coordination necessary to facilitate ion conductivity and the presence
of the non-polar, insulating IR copolymer backbone. RgP16/LiCF3SOs/Ir LEECs also
peaked at lower radiance than [Ir(ppy).(dtb-bpy)]"[PF67] devices, even with a testing
window that was three times longer. These device characteristics are consistent with the
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detrimental effects of phase separation of RgP16/LiCF;SOs/Ilr composites, which is

known to slow electrochemical doping at the electrodes and also generate

inhomogeneous electric fields across the device that diminish the device stability.***
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Figure 4.4. Temporal evolution of (a) radiance, (b) current, and (c) EQE of a typical rigid LEEC
fabricated from RgP16/LiCF;SO4/Ir (green), RgP34/LiCF3SO4/Ir (red), and RgP69/LICF;SO4/Ir (black)
operated at 6 V DC in inert conditions.
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In contrast, the properties of RgP34/LiCF3;SO3/Ir and RgP69/LiICF3SOs5/Ir LEECsS
indicate that the PEO content of these copolymers is sufficient to support a high ionic
mobility and short turn-on times. These devices furthermore benefit from better mixing
between the ionic components and copolymer according to the nanoscale phase
separation shown in Figure 4.3. Application of 6 V DC to RgP34/LiCF3SOs/Ir and
RgP69/LICF3SOs/Ir LEECs resulted in light emission with t,, values of 12 + 3sand <1s,
respectively (Figure 4.4). The very short turn-on times indicate a higher ionic mobility
compared to pristine [Ir(ppy)2(dtb-bpy)]*[PFs] devices. Consequently, PEO/LiCF3SOa/Ir
LEECs, with a turn-on time of <1 s, are an appropriate benchmark for comparison.
Although all three of these PEO-containing devices turn on within a few seconds, the
time it takes for each device to reach the maximum radiance correlates with the PEO
content of the film: tma values of RgP34/LiCF;SOs/Ir, RgP69/LiCF;SO4/lr, and
PEO/LICF3SO4/Ir LEECs are 915 £ 1795, 31 + 7.5 5, and 9.5 £ 0.7 s, respectively, with
maximum radiance values of 10 £ 2.1 uW, 26 £ 6.4 uW, and 76 + 12 uW, respectively.
Although the higher PEO content produces devices that turn on faster and are initially
brighter, the trade-off between t,, and device lifetime causes the radiance of these devices
to diminish more quickly. Thus, PEO/LiICF3SOs/Ir LEECs exhibit the lowest t;/, value of
129 + 12 s, whereas for RgP69/LiCF3SO3/Ir LEECs this value is 336 + 82 s. The
radiance of RgP34/LiCF;SO3/Ir LEECs does not decline to half the maximum value,
instead reaching 60% of the maximum radiance at the end of 3 h of continuous device

operation, corresponding to t;;, >10800 s.

Overall, the correlation of device properties of RgP16/LiCF;SO3/lr,

RgP34/LiCF3SO3/Ir, and RgP69/LICF;SOs/Ir LEECs with PEO content indicates that
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graft copolymers are an effective way to meter PEO content into the emissive layer of
LEECs. This control over the dielectric properties of the emissive composite is a way to
manipulate device properties as well as manage the trade-off between turn-on time and
device lifetime. At the same time, each of these LEECs contains the soft IR component
designed to make these new composites suitable for use in intrinsically stretchable light-

emitting devices.

4.2.3. Stretchable LEECs Using RgP34/LiCF3;SOs/Ir and RgP69/LICF;SO4/Ir

Composites

We have used PEO in our LEECs to provide the dielectric constant necessary for
reasonable turn-on times; however, PEO alone is a brittle material that is incompatible
with intrinsically stretchable devices, exhibiting a small elastic range of < 5%. As
expected, the emissive composite PEO/LICF3SOs/Ir deposited on a PDMS substrate
forms numerous cracks with stretching at low (5%) strains (Figure S4.4a). Combining
PEO with IIR into RgP graft copolymers changes the mechanical properties of the
emissive composite materials due to the low Young’s modulus of the IIR backbone.
Previous studies have demonstrated that as the amount of PEO in RgP copolymers is
decreased from 34 wt% to 16 wt%, the Young’s modulus decreases from 9.0 £ 1.9 MPa
to 0.3 + 0.1 MPa and the elongation at break increases.*®* Consistent with this study,
optical micrographs at 5% tensile strain show that films of RgP16/LiCF3;SOs/Ir do not
exhibit cracks (Figure S4.4b); films of RgP34/LiCF3;SOs/Ir  exhibit fine, almost
imperceptible cracks (Figure S4.4c); and films of RgP69/LICF3;SO4/Ir exhibit prominent,
jagged cracks (Figure S4.4d). Therefore, high PEO content not only reduces turn-on

times at the expense of device lifetime, but also device stretchability. This trade-off
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indicates that metering PEO into emissive films is critical to balance the three properties

of turn-on time, device lifetime, and stretchability

We fabricated intrinsically stretchable LEECs using RgP34/LiCF3SOs/Ir and
RgP69/LiCF3SO4/Ir composites (omitting RgP16/LiCF;SOs/Ir due to the slow device
response) by replacing the rigid 1TO/glass electrode with a stretchable semitransparent
gold film deposited on PDMS (Au/PDMS). Thin gold films on PDMS have a
transmission of 37% at 558 nm (the peak wavelength of the electroluminescence
spectrum of [Ir(ppy).(dtb-bpy)][PF67]) and have been used previously to fabricate
intrinsically stretchable Ru-based LEECs.*® These gold anodes remain conductive to
tensile strains of ~20% and are convenient for preliminary investigations of device
stretchability. After spin-coating RgP34/LiCF3;SO3/Ir and RgP69/LICF3SOs/Ir films on
Au/PDMS, we applied a drop of EGaln (5 mm diameter) as the cathode. In the initial,
unstretched state, the radiance of RgP34/LiCF3;SOs/Ir and RgP69/LiCF3;SOs/Ir LEECS is
~40% lower than analogous devices fabricated using ITO/glass anodes due the lower
transparency of Au/PDMS compared to ITO/glass, which reduces the light output (Figure
4.5, Table S4.1). We subjected RgP34/LiCF3;SOs/Ir and RgP69/LiCF3SOs/Ir films on
Au/PDMS to repetitive cycles of 15% strain and after a set number of cycles, we relaxed
the device, deposited an EGaln cathode, and operated the devices for 30 min. The
radiance of RgP34/LiCF3;SOs/Ir LEECs was negligibly affected by 30 strain cycles. At
50 strain cycles, the maximum radiance decreased to 36% of the initial (unstrained)
value, due to cracking of the RgP34/LiCF3;SO4/Ir layer, the gold anode, or a combination

of the two. In contrast, cracking due to the higher PEO content of RgP69/LiCF3SOs/Ir
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LEECs resulted in degradation of the device properties after only 10 strain cycles, with

sporadic measurement of signal in the nW range making it indistinguishable from noise.
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Figure 4.5. Temporal evolution of radiance of (a) RgP34/LiCFsSOs/lr LEECs and (b)
RgP69/LICF3SOs/Ir LEECs after 0 cycle (black), 10 cycles (green), 30 cycles (red) and 50 cycles (blue) of

15% strain.

4.3. Conclusions

In conclusion, we have shown that combining PEO and IIR in a graft copolymer

is an appealing way to manage the trade-off between device turn-on times, lifetime, and
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stretchability. The ability to meter PEO content into the emissive composite by altering
the molecular weight of PEO sidechains provides a convenient way to adjust the
dielectric properties of the emissive composite and permit the incorporation of the soft
IIR backbone, necessary for stretchability, while managing phase separation in the film.
Further exploration of this copolymer-based approach to manage device properties and

trade-offs is currently underway.
4.4. Experimental

[Ir(ppy)2(dtb-bpy)]*[PFs] was synthesized according to Slinker et al.*® RgP graft
copolymers were prepared according to Bonduelle et al.** PEO (M, = 120000) and

LiCF3SO3 salt were purchased from Sigma Aldrich and used as received.

Emissive Layer Fabrication. All the solutions were passed through 0.2 um pore
size PTFE syringe filters and then spin-coated onto the anode at a speed of 1000 rpm for
30 s per sample in a nitrogen glovebox. Thin films of pristine [Ir(ppy)2(dtb-bpy)] [PF¢]
were prepared by spin-coating from a solution containing 24 mg/mL [Ir(ppy)2(dtb-
bpy)]'[PFs] dissolved in dichloromethane. Thin films of RgP were prepared by spin-
coating from a solution containing 50 mg/mL RgP dissolved in dichloromethane. Thin
films of PEO/LICF3;SOg3/Ir were prepared by spin-coating from a solution containing
PEO, LiCF3S0s, and [Ir(ppy)2(dth-bpy)]'[PFsT (24 mg/mL) in a molar ratio of 1: 10: 0.2
dissolved in dichloromethane. Thin films of IIR/Ir were prepared by spin-coating a
solution containing 1IR and [Ir(ppy)2(dtb-bpy)]*[PFs] (24 mg/mL) in a molar ratio of
10:1 in dichloromethane. Thin films of RgP/LiCF3SO3/Ir were prepared by spin-coating a
solution containing RgP, LiCF3SOs, and [Ir(ppy).(dtb-bpy)]' [PFs] (24 mg/mL) in a

molar ratio of 10: 0.2: 1 (the molar ratio of PEO repeated unit in RgP to LiCF3SO3; was
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10: 0.2). One edge of the spin-coated film was swabbed away using dichloromethane.

The films were then annealed in vacuum oven at 80 °C overnight for 24 h.

Anode Preparation. ITO-coated glass substrates (15-25 Q/sq, Delta Technologies)
were employed for rigid devices; Au/PDMS substrates were employed for stretchable
devices. ITO-coated glass substrates were sonicated in deionized water for 15 min and
isopropyl alcohol for 15 min, dried under a stream of nitrogen, and then treated with UV-
ozone for 5 min. Stretchable Au/PDMS anode was prepared by depositing a 15 A
titanium adhesion layer followed by 200 A of gold onto an oxidized PDMS substrate in
an e-beam evaporator at 10° mbar at a rate of 1 A/s. PDMS substrates were prepared by
casting PDMS prepolymer (Sylgard 184, Dow Chemical) against polystyrene Petri dishes
and curing at 60 °C overnight. The PDMS surface were then exposed to an air plasma

(Harrick Plasma) for 30 s to generate oxidized PDMS substrate.

Cathode Preparation. A 50 uL drop of EGaln was deposited on the surface of
emissive layer as the cathode. Devices fabricated on ITO anodes had a copper wire

contact inserted into the EGaln drop, which was then sealed with an epoxy resin.

Device Characterization. Optical characterization of the thin films was performed
using an Olympus BX51 microscope equipped with an Olympus Q-Color3 digital
camera. The measurement of phase and height information of the emissive layer were
carried out on the tapping mode of a Digital Instruments Multimode AFM using a Veeco
type FESP-V2 cantilever with a nominal tip radius of 8 nm and a nominal force constant
of 2.8 N/m. LEECs were tested in a dry glove box using a Keithley 2601 source-measure
unit to apply a voltage of 6 V DC and measure the current. Radiance was measured with

a calibrated UDT S470 optometer using an integrating sphere.
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Stretchability = Measurements:  Stretchable = LEECs  fabricated  from
RgP34/LiCF3SO4/Ir and RgP69/LICF3SOs/Ir were subjected to repetitive cycles of 15%
strain using a microvice stretching apparatus. Device performance was determined by
first measuring the current and radiance of the unstretched device for 30 min. After
applying 10, 30 and 50 cycles of 15% strain, an EGaln cathode was deposited on to a
new device and the devices were then encapsulated by epoxy. The current and radiance

were measured at 6 V over 30 min in a dry glove box.
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4.6. Supporting Information
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Figure S4.1. Diagram of the rigid LEEC test structure fabricated with an ITO-coated glass anode,

Ir based emissive material, and liquid EGaln as the cathode.
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Figure S4.2. Temporal evolution of radiance of a typical rigid LEEC fabricated from pristine film
of [Ir(ppy).(dtb-bpy)]*[PF¢] operated at a 6 V DC in inert conditions.
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Figure S4.3. Temporal evolution of radiance of a typical rigid LEEC fabricated from film of

PEO/LiCF3;SO3/lr composite operated at 6 V DC in inert conditions.

Figure S4.4. Optical micrographs of films of (a) PEO/LICF;SOs/Ir composite, (b)
RgP16/LiCF3;SOs/Ir composite, (c) RgP34/LiCF3SOs/Ir composite, and (d) RgP69/LICF;SOs/Ir composite
on a PDMS substrate with stretching at 5 % strain. The samples were stretched in the horizontal direction.
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Table S4.1. Summary of figures of merit for LEECs fabricated from RgP34/LiCF3SO4/Ir
composite and RgP69/LiCF;SO3/Ir composite on Au/PDMS operated at 6 V DC in inert conditions

Emissive Material ton (S) tnax (S) Max Rad (pW) t4 (s) Max EQE (%)
RgP34/LiF;CS0,/Ir 12 £3 570+ 60 58+2.1 > 1800 0.012.+0.003
RgP69/LiF;CS0:/Tr =1 208+41 89=14 847+50 0.026 = 0.009
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Figure S4.5. Temporal evolution of current of a typical rigid LEEC fabricated from film of (a)
RgP34/LICF:SO4/Ir and (b) RgP69/LiCF3SOs/Ir composites operated at 6 V DC in inert conditions.
Temporal evolution of EQE of a typical rigid LEEC fabricated from film of (¢) RgP34/LiCFsSO4/Ir and (d)
RgP69/LICF3SOs/Ir composites operated at 6 V DC in inert conditions.
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5. Chapter 5

Exploiting the Formation of Nanocracks in Solution-Deposited Gold

Films on PDMS for Stretchable Electronics
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5.1. Introduction

Electronic devices cannot exist without conductive materials to form circuit
elements, such as electrodes, contacts, and interconnects. Stretchable conductors that are
highly conductive, and remain so under high mechanical strain, make a variety of new

applications possible, such as stretchable and wearable displays,’? conformable strain

4 6

sensors,>* stretchable solar cells and batteries,”® and implantable bioelectronics.”®
Highly conductive electrodes are particularly important in large-area devices such as
intrinsically stretchable light-emitting devices to minimize Ohmic losses and prevent
problematic voltage drop across the device, which produces non-uniform light emission.
Metals are the materials of choice due to their low resistivities (~10° Qm),® but the
mechanical mismatch of hard metals with soft elastomers results in cracking of the metal
film with stretching, which increases the resistance and limits the use of these structures
in devices.'>*? Although alternative materials , such as carbon nanotubes,™ graphene,*

and conductive polymers,*> may provide more compatible mechanical properties, none of

these possess conductivities that rival those of metals.

Extensive studies of gold films deposited on PDMS by PVD have demonstrated
that the cracks that form in the gold film with stretching increase the resistance and
eventually break the conductive pathway through the film.!**>?° At low elongations (<
5%), the strain localizes at defect sites in the gold film, resulting in the formation of
incipient cracks. Further elongation of the structure causes the cracks to lengthen and
widen, which increases the resistance of the gold films. Eventually, crack propagation
completely breaks the conductive pathway through the film, typically at elongations of

~20-30%."  Adding topographical features to the PDMS surface can prolong the
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persistence of conductivity with strain by creating numerous sites for strain localization.
Stretching these structures increases the number of incipient cracks compared to gold
films on flat PDMS; interactions between the cracks limit long-range propagation to
produce an array of short microcracks that preserve the conduction pathway to high
strains (65%).22** The rough topographies used in this approach, however, make these
gold-coated PDMS surfaces unsuitable as electrodes for large-area light-emitting devices
due to variation in the electric field generated over the rough electrode surface. Other
strategies to improve the ability of metal films on elastomers to retain their conductivity

with stretching involve configuring the metal films on the elastomer surface into in-plane

16,17 16,25

serpentine structures using photolithographic patterning or out-of-plane

sinusoidal*®*®

structures using compressive strain to cause buckling instabilities in the
gold film.**%  Although these structures make excellent device interconnects, they are
less applicable as electrodes due to the limited surface area of serpentines and
considerable topography of out-of-plane structures. Furthermore, these methods rely on
physical vapor deposition (PVD) of metals and photolithography, which bear high capital
expense; require multiple steps of deposition, masking, resist patterning, and etching; and

suffer from the dimensional instability of the elastomer with the organic solvents used in

photolithography.

Despite real progress toward fabricating metal films on PDMS that retain
conductivity to high elongations, two important goals remain: First, there is a need for
flat metal films that remain highly conductive with stretching and possess sufficient
surface area to be used as electrodes in thin-film, stretchable devices. Second, it is

necessary to develop low-cost, simple procedures to accomplish the fabrication.
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Researchers have responded to the latter need by replacing PVD and photolithography

with solution-based electroless deposition (ELD)*"*

and low-cost patterning methods,
such as dip-pen nanolithography,® inkjet printing,* screen printing,®* and microcontact
printing.** ELD is a solution-based metal deposition method widely used in the
microelectronics industry to form patterned conducting lines, inter-level connections, and
through holes on printed circuit boards.>® In the ELD process, metal ions in the plating
bath are chemically reduced to metal by a palladium catalyst adsorbed on the surface of a
PDMS substrate. The initial layer of deposited metal autocatalyzes further metal
deposition as a reducing agent in the plating bath is oxidized.*®> One approach to ELD on
PDMS involves attaching a functionalized polymer layer to the PDMS surface by
surface-initiated polymerization or surface-grafted free radical polymerization. The
polymer layer immobilizes the catalytic species, which catalyzes the deposition of a
metal film in the ELD solution.®® Patterned metal films can be produced by either
patterning the polymer film using shadow masking or patterning the catalyst deposition
using dip-pen nanolithography, inkjet printing, or screen printing.*” Another approach
uses a shadow mask to selectively treat the PDMS surface with UV radiation, thus
defining the pattern for metal deposition.®® Although these methods are low cost and
relatively simple, the resulting metal films rely on the standard methods of in-plane

patterning into serpentines®’ or out-of-plane buckling deformation®® to produce metal

films that retain high conductivity at high elongations.

We previously reported a process for the selective ELD of copper films on PDMS
that uses microcontact printing to pattern a polymeric resist on a chemically-modified

PDMS surface to direct the deposition of the copper.?” The resulting copper films remain
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conductive to 52% elongation, without the use of in-plane serpentine patterning or out-of-
plane deformation. Here, we apply this methodology to produce patterned gold films on
PDMS using electroless nickel and immersion gold (ENIG) solutions. The resulting
ENIG films on PDMS possess planar topography and remain remarkably conductive to
95% tensile strain. The ability of these films to retain high conductivity under extreme
strain is due to the unusual formation of nano-sized cracks in the gold film with
stretching that originate from the highly polycrystalline nature of the ENIG films. We
demonstrate that these films are effective as electrodes in large-area stretchable thin-film

light-emitting devices.
5.2. Results and Discussion

5.2.1. Fabrication of ENIG films on PDMS substrate

We deposited gold films on PDMS using the ENIG process, which is widely used
as a surface finish for microelectronic packaging technology.””** The ENIG process
avoids the problems associated with the direct ELD of gold, which suffers from short
plating bath lifetimes, high sensitivity to contamination, and a low plating rates. The
ENIG process instead uses two solution-based plating steps, beginning with the ELD of a
nickel film from a stable plating solution followed by an immersion gold (IG) process in
which a solution of potassium gold cyanide deposits a gold film by galvanic
displacement. Ni atoms in the film reduce Au* ions from solution, releasing Ni** ions
into the solution and depositing a gold film on the surface through molecular

exchange.®*
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The process for selective ENIG on PDMS uses our previously reported method
for the selective activation of the PDMS surface to prepare patterned copper films using
ELD. This process first activates the PDMS surface to ELD, and then deactivates
selected regions using microcontact printing of a polymeric resist (Scheme 5.1a). Native
PDMS is inert to ELD due to the methyl groups at the surface. Plasma oxidation creates
a thin silica layer on the PDMS surface with Si-OH groups,*® which subsequently react
with 3-aminopropyltriethoxysilane (APTES) via the formation of Si-O-Si bonds.”” The
resulting amino-terminated surface can be activated for ELD by simply protonating the
amine groups to form a positively charged surface, which binds a palladium-tin colloidal
catalyst commonly used to initiate metal ELD. Pd/Sn colloids consist of a Pd-rich core
protected from oxidation by a hydrolyzed Sn®*/Sn** shell; associated chloride ions give
the colloids a negatively charged surface to inhibit aggregation and allow the colloids to
be electrostatically bound to the activated PDMS surface.*® A subsequent acceleration
step etches away the Sn?*/Sn** shell to expose the Pd core, thus priming the surface for
ELD. To deactivate selected regions of the surface, we prevent the amine groups from
becoming protonated and binding Pd/Sn colloids by microcontact printing a polymeric
resist, poly(octadecenyl-alt-maleic anhydride) (POMA). The anhydride groups of POMA
rapidly react with the amine groups on the PDMS surface during the microcontact
printing process to form amide groups that cannot easily be converted to a cationic form
(Scheme 5.1b). The hydrophobicity of the bound POMA film (water contact angle of
98.3°)?" also repels the aqueous Pd/Sn solution to provide a barrier to Pd/Sn colloid
adsorption. Thus, immersing amine-terminated PDMS substrates printed with the POMA

resist into the Pd/Sn colloidal solution results in catalyst binding only in POMA-free
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areas. The bound Pd catalyst subsequently initiates nickel ELD by catalyzing the
reduction of Ni** ions in the ELD plating solution to nickel metal. The initial layer of
deposited nickel autocatalyzes further nickel deposition as the dimethylamine borane
reducing agent is oxidized in the plating solution. Galvanic displacement of nickel for
gold in the potassium gold cyanide solution results in the formation of a gold film on the

surface.**
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5.2.2. Resolution of Patterned ENIG Films

The resolution of the microcontact printing process enables the fabrication of
patterned ENIG films on PDMS with features as small as 10 um. We used a microcontact
printing stamp to create ENIG features consisting of straight and square-wave lines with
line widths ranging from 10 um to 20 um and square shapes with side lengths of 50 um
to 100 um. An optical micrograph of the patterned ENIG film on PDMS (Figure 5.1a)
shows the clean deposition of gold within the printed pattern, indicating that the POMA
resist prevents Pd/Sn colloids from binding to the PDMS surface to deactivate these areas
to ENIG. Scanning electron microscopy (SEM) micrograph of the patterned ENIG films

reveals a ~1.5-um-wide zone at the edge composed of fine structures (Figure 5.1b).

10 15 20 10 15 20
IG time (min) IG time (min)

Figure 5.1. (a) Optical and (b) SEM micrographs of patterned ENIG,, films on PDMS substrate.

(c) Optical and (d) SEM micrographs of an unpatterned ENIGy, film on PDMS substrate. () Thickness as
a function of 1G time. (f) Ry as a function of IG time.
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5.2.3. Optimization of ENIG Deposition Parameters

The electrical properties, morphology, and adhesion of ENIG films to PDMS
depend on the thickness of the nickel film and extent of galvanic displacement with gold.
Both of these variables are governed by the immersion time in the ELD Ni and IG
solutions. We tested deposition times of 5, 10, 15, and 20 minutes for the ELD of nickel
films on PDMS. Nickel ELD for 5 minutes at 28 °C results in a nickel layer with a
thickness of 19.2 £ 1.5 nm and a sheet resistance (R;) of 26.2 £ 3.7 kQ¥sq (Figure S5.1a
in supporting information). Increasing the ELD time to 10 min produces nickel films with
a substantially lower Ry of 908.5 + 286.0 (¥sq (Figure S5.1b), consistent with the
deposition of a thicker (26.5 = 0.9 nm) nickel film. Further increasing the nickel ELD
time to 15 min or 20 min causes cracking and delamination of the nickel film (Figure
S5.1c, d) due to the detrimental accumulation of hydrogen in the ELD nickel layer, which
causes the well-known problem of blistering, cracking, and delamination.*® We therefore
used nickel films made using an immersion time of 10 min in the nickel ELD solution to
study three different immersion times (10, 15, and 20 min) in the IG solution. We
designate the films resulting from these immersion times as ENIGy, ENIG3s, and
ENIGy. Optical micrographs reveal that each immersion time produces uniform gold
surfaces without cracks or delamination (Figure 5.1c, S5.2a-b). SEM images show that
each of these films exhibit nodular surfaces are composed of granular, nanoscale gold
particles, which is typical for ENIG films (Figure 5.1d, S5.2¢c-d).***" We furthermore did
not detect visible gold on adhesive tape after conducting a tape test on these ENIG films

(Figure S5.3a-c), indicating a strong adhesion between PDMS, nickel, and gold layers.
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Increasing the immersion time in the IG solution results in expected increases in
the gold content and film thickness, as well as a reduction in the sheet resistance. Energy
dispersive X-ray spectroscopy (EDX) of ENIG;9, ENIG;5, and ENIGy films deposited on
a silicon wafer — a mechanically rigid model for the oxidized PDMS surface — showed an
increase in the atomic weight percentage of gold atoms as the immersion time in the 1G
bath increases from ENIG;o to ENIG;5 to ENIG, films, with values of 38.05%, 48.53%,
and 54.79%, respectively (Figure S5.4a-c). The increasing trend in gold content with
immersion time in the IG solution is accompanied by an increase in the thickness of
ENIG films. We measured the thickness of ENIG films using tapping mode atomic force
microscopy (AFM) at the edge of patterned ENIG films on silicon wafer, which showed
film thicknesses of 28.4 £ 1.9 nm, 44.5 + 1.7 nm, and 59.0 = 3.2 nm for ENIGjo, ENIG3s,
and ENIGy, respectively (Figure 5.1e). We also used cross-sectional SEM to confirm the
thickness of ~60 nm for ENIGy films on a silicon wafer (Figure S5.5). The thickness of
ENIG10, ENIG3s5, and ENIGy films increased by 2 nm, 18 nm, and 32 nm, respectively,
compared to the thickness of the initial ELD nickel films. The increasing trend in
thickness for ENIG;o, ENIG;5, and ENIG,, films is due to two factors: First, there is a
doubling of the number of metal atoms that occurs during the IG process because two
Au” ions from the IG solution are reduced at the surface for each nickel atom that is
oxidized to Ni** and subsequently displaced. Second, displacing nickel atoms with an
atomic radius of 149 pm with larger gold atoms (atomic radius of 174 pm) also increases

the film thickness.
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As the time in the IG solution increases, the sheet resistance of ENIG, ENIG1s,
and ENIGy films decreased from 145 £+ 26 Q/sq to 62 = 20 Q/sq to 3 £+ 1 QJ/sq,

respectively (Figure 5.1f). This decrease in Rs is consistent with equation 5.1

Re=2 (5.1)

t

where p represents the resistivity and t represents the thickness. Since R; is proportional
to the resistivity of the metal, displacing nickel (p = 6.99 x 10® QOm) with lower
resistivity gold (p = 2.44 x 10® Qm) decreases R,.° At the same time, R; is inversely
proportional to thickness. Longer IG times form thicker ENIG films with a higher gold

content, leading to lower resistivity.

We used ENIGy films for the rest of the study due to the low R value (3 + 1
Q/sq), and also fabricated a comparison system of gold on PDMS with a similar film
thickness as ENIGy using e-beam evaporation. This comparison system, termed EBAu,
consisted of 3 nm of Ti deposited as an adhesion layer followed by 57 nm Au. Optical
microscope and SEM images of EBAu films reveal a consistent, uniform surface without
cracks, comprising nanoscale gold grains similar to the surface of ENIGy, films (Figure
S5.6a, b). EBAu films exhibit excellent adhesion to PDMS (Figure S5.6¢) and an Rs of
29 = 0.1 Q/sq, also similar to that of ENIGy. Topographical analysis using AFM
revealed that ENIG, and EBAu films on PDMS both consist of columnar grains, with a
root-mean-square roughness (Rrms) vValues of 3.2 £ 0.5 nm and 5.0 £ 0.8 nm, respectively
(Figure S5.7a, b), similar grain heights (~6 nm and ~9 nm, respectively), and a similar
grain diameter of for both film types (62.5 + 12.1 nm for ENIGy films and 67.0 £ 8.2 nm

for EBAu films) (Figure S5.7c, d).
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5.2.4. Stretchability of ENIG Films on PDMS

Electrical conductivity that persists during mechanical deformation is essential for
the fabrication of soft electronic devices. We measured the change in electrical resistance
of 3.0 cm x 1.5 cm ENIGy films on PDMS substrates at 5% strain intervals until the
PDMS substrate fractured (Figure 5.2a). ENIG,, films on PDMS substrate remained
conductive to a remarkable 95% elongation with a normalized resistance (R/Ro) increase
of only 18.7 + 3.4. The PDMS substrate fractured after 95% linear strain. To the best of
our knowledge, this is the first report of continuous, large-area, planar gold films that
remain highly conductive with stretching without the use of serpentine designs, wavy
features fabricated using compressive strain, or high surface roughness. The conductivity
with stretching of ENIGy films far surpasses that of EBAu films on PDMS with the same
thickness which undergoes electrical failure (R/Ro > 10°) at only 5% elongation, and is
better than that of thicker EBAu films.*> After releasing the tensile strain, the R/Ry of the

ENIG, films recovered back to 1.9 + 0.4.
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Figure 5.2. (a) Change in resistance of ENIG,, films as a function of tensile strain. Optical
micrographs of (b) ENIG,, film and (c) EBAu film on PDMS substrates at 10% tensile strain. SEM
micrographs of (d) ENIG,, films and (e) EBAu films on PDMS substrates at 30% tensile strain. Higher
magnification SEM micrographs of (f) ENIG,, film and (g) EBAu films on PDMS substrates at 30%
elongation. Samples were stretched in the horizontal direction. (h) XRD spectra of ENIGy, (black line) and

EBAu films (red line) on glass substrates.

The dramatic difference in conductivity with elongation of ENIG,, and EBAu
films can be attributed to how cracks in these metal layers evolve with stretching. Optical
micrographs of ENIG films under strain show that the effect of elongation on ENIGy
films at both low (10%) and high (80%) strains are nearly imperceptible using optical

microscopy (Figure 5.2b, S5.8a). In contrast, stretching EBAu films on PDMS to 10%

149



strain generates long channel cracks that propagate through the width of the film and
break the conduction pathway (Figure 5.2c). Further elongation results in the formation
of additional channel cracks as well as widening of the cracks from 10 — 12 um at 10%
strain to 10 — 30 um at 80% strain (Figure S5.8b). SEM images reveal that stretching
ENIGy films to 30% tensile strain causes the formation of numerous jagged nanocracks
roughly perpendicular to the stretching direction (Figure 5.2d), consistent with strain
localization occurring at numerous sites on the surface. These non-linear cracks, ~10 nm
to 65 nm in width, intercept one another to prevent crack propagation, limiting the
maximum crack length to < 45 pum. Higher magnification SEM images (Figure 5.2f)
show the presence of narrow (~30-70 nm) bridges of ENIG,, spanning the cracks, which
preserve tortuous conductive pathways and thus keep the film conductive under strain. In
contrast, at 30% tensile strain, EBAu films exhibit notably straighter, longer, and wider
cracks (~1-2 pum) without gold bridges (Figure 5.2e), indicating a clean break in the
conductive pathway. The EBAu film lifts slightly at the crack edges (Figure 5.2g), which
can be attributed to traction at the EBAU/PDMS interface that arises due to the
localization of strain at defect sites in the film with stretching. The processes of strain
localization and traction cause film delamination and crack formation, and then these two
processes coevolve leading to the propagation of the channel cracks observed for EBAu

films on PDMS.*
5.2.5. Crystallographic Analysis of EN1G,, and EBAu Films

Despite the similarities in thickness, uniformity, adhesion, and surface roughness,
the differences in how cracks initiate and propagate in ENI1G,, and EBAuU films on PDMS

suggest that there are fundamental differences between these two films not detected by
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SEM or AFM analysis. We investigated the crystallinity of ENIG2, and EBAu gold films
deposited on glass substrates using powder X-ray diffraction (XRD) (Figure 5.2h). EBAu
gold films are polycrystalline films with a dominant (111) texture with corresponding
peaks at 38.3°, which is typical for face-centered cubic (fcc) metal films deposited using
PVD processes. A small (222) phase with corresponding peaks at 82° also appears. In
contrast, the surface orientation of the polycrystalline ENIGy, film is more heterogeneous
than films prepared using PVD. Along with the primary (111) crystalline texture, XRD
pattern also included peaks at 44.6°, 64.8°, 77.8°, corresponding to (200), (220), and
(311) orientations, respectively. The difference in crystallization can be attributed to the
different metal growth mechanism of these two deposition processes. In EBAu, the high
energy of vaporized gold atoms deposited on the substrate rearrange and grow to expose
the more thermodynamically favorable (111) plane at the surface.* In contrast, the ELD
process is known to generate heterogeneously oriented crystals because the relatively low
deposition temperature does not provide the metal atoms with enough energy to

rearrange, resulting in the formation of various orientations.*>*

The heterogeneous crystallographic textures in ENIG,o films than EBAu films
likely cause the formation of the numerous nanocracks during stretching. Shear stress
beyond the critical resolved shear stress causes grains with a favorable slip system ((111)
orientation for fcc metal) to slip starting from the defect sites in crystals.®® Slip of grains
results in plastic deformation and metal fracture. Compared to EBAu films with a (111)
slip plane, grains in ENIG, films with (200), (211), and (311) phases are less easy or

53-55

impossible to slip. This effect impedes the propagation of cracks, leading to the

formation of numerous small cracks in the ENIG, films.
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5.2.6. ENIGyg as Stretchable Interconnects and Electrodes

The ability of ENIGy films to remain highly conductive under strain makes these
films useful as stretchable interconnects in circuits to connect rigid devices, such as LEDs
(Figure S5.9). Metal films configured into serpentine interconnect or out-of-plane
buckles have been similarly used due to the low resistance change with strain. The most
significant features of ENIG,y, however, are its planar topography and the nanoscale
cracks that relieve strain. These attributes make ENIG, applicable as electrodes in thin-
film light-emitting devices by providing key advantages over other metal films on
PDMS: EBAu films on PDMS fail electrically at significantly lower strains due to
channel cracking; metal films structured into in-plane serpentines do not provide
sufficient surface area for large-area light emission; and metal films with high
topographical features such as out-of-plane wavy structures or metal films fabricated
using an intentionally rough topography to engineer cracks are not compatible with thin
film devices due to variation in the electric field generated over the rough electrode
surface. We demonstrated the use of ENIGy films as electrodes in alternating current
electroluminescent (ACEL) devices, which consist of phosphor microparticles deposited
between two electrodes. Stretchable ACEL devices have previously been fabricated by
blending ZnS:Cu phosphor microparticles with the elastomer polydimethylsiloxane
(PDMS), and using stretchable PDMS-based electrodes. We fabricated stretchable
ACEL devices according to Figure 5.3a by depositing a film of ZnS:Cu microparticles
blended with PDMS onto an ENIGy film on PDMS substrate, and then depositing a film
of the conductive polymer PEDOT:PSS plasticized with the surfactant Triton X-100 as

the transparent electrode.®® Operating the ACEL device at a voltage of 150 V AC and a

152



frequency of 30 kHz generates uniform blue light emission. ACEL devices fabricated
using 3 cm x 3 cm ENIGy films as electrodes continued to emit light with bending to
15% and 40% strain (Figure 5.3b, ¢). Furthermore, the uniform light emission of ACEL
devices fabricated using 1.5 cm x 3 cm ENIGy films persisted from 0% to 40%
elongation (Figure 5.3d). Figure 5.3e shows that the normalized emission radiance varied
slightly by <10% during stretching to 40% strain. The change in intensity can be
attributed to the change in electrical field strength. Stretching the device decreases the
thickness of the emission layer, which results in a larger applied electrical field on the
emissive particles, and thus, an increased intensity.”” The stable performance of the
ACEL devices could be due to the good compliance of the device structure and the
unique electroluminescent mechanism of ACEL devices. Stretching beyond 40%
elongation causes the top PEDOT:PSS electrode to crack, leading to the loss of

conductivity of this electrode at > 40% strain.
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Figure 5.3. (a) Structure of ACEL device. Photographs of ACEL devices (3 cm x 3 ¢cm) bent to (b)
15% and (c) 40% strain. (d) Photographs of ACEL devices (1.5 cm x 3 c¢cm) stretched to 0%, 10%, 20%,
30% and 40% strain. (e) Change in emission radiance of the ACEL devices under various stretching

strains during three minutes of operation in ambient conditions.

We also tested the durability of the stretchable ACEL devices to repetitive strain
within the operating strain limit defined by the PEDOT:PSS electrode. We subjected the
same device to a total of 100 cycles of 40% tensile strain. After every 20 strain cycles,
we recorded the radiance of the device during three minutes of operation in ambient
conditions.  Six samples were tested, and the resulting maximum radiances were
averaged. Compared to the maximum radiance of the device at 0% strain, the maximum

radiance of the device decreased to 0.83 + 0.01, 0.72 £ 0.02, and 0.67 + 0.01 times after
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20, 40, and 60 cycles of 40% tensile strain, and remained stable through 40 additional
stretching cycles thereafter (Figure S5.10a). A previous report showed that the emission
intensity of a stretchable ACEL device made from AgNW electrodes and ZnS:Cu
emissive material decreased to ~0.86, ~0.77, and ~0.70 times the initial value after
subjected to 20, 40, and 60 cycles of repetitive 80% strain and remained stable with more
cycles.”” The authors attributed this observation to the degradation of the electrode
conductivity, which can also explain our observation. Although the electrical conductivity
of ENIGyy film is not significantly altered during stretching, the large increase in
resistance of the PEDOT: PSS/Triton X-100 transparent electrode after the first 60 cycles
of repeated 40% strain cycles (Figure S5.10b) likely lowers the applied voltage on the
emissive layer, which consequently causes the decline in radiance. The insignificant
resistance increase of PEDOT:PSS/Triton X-100 electrode after 60 cycles of 40% strain

can also explain the more stable emission radiance in this regime.
5.3. Conclusions

We have developed a solution-based method to fabricate patterned ENIG films
with dimensions as small as 1 um. The resulting ENIG films are smooth and exhibit
remarkable conductivity with stretching that significantly exceeds that of EBAu films
prepared using PVD. The high stretchability of these ENIG films likely originates from
the heterogeneous orientations of the crystallites, which impede crack propagation and
lead to a fine nanocracking that distributes strain relief. The large-scale, conductive, and
smooth surface of ENIG films make them particularly well-suited as electrodes in thin
film devices. We demonstrated patterned ENIG films as stretchable interconnects for

conductive circuits and stretchable electrodes for ACEL devices. The stretchability of the
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ACEL devices may be further improved by using a transparent electrode with higher
conductivity and stretchability. We believe that our method provides an inexpensive and
reliable approach for future deformable devices that range from wearable sensors,

actuators, to conformable light-emitting panels.
5.4. Experimental

All chemicals were purchased commercially and used as received. PDMS stamps
and flat substrates were prepared by casting PDMS prepolymer against patterned

photolithographic masters or polystyrene Petri dishes.

Activation of PDMS Substrates: Flat PDMS substrates were oxidized for 40 s in
an air plasma (Harrick Plasma, Ithaca NY), immersed in a 1% v/v APTES solution in

deionized water for 10 min, rinsed with deionized water and dried under a stream of N»

Selective Deactivation of PDMS Substrates: The surface of a PDMS stamp was
flooded with a solution of POMA in acetone (2 mg/mL). After 10 s, a stream of dry N,
was used to blow off the excess solution and dry the stamp. The stamp was then placed

on the surface of the activated PDMS substrate for 1 min and then removed.

Electroless Nickel/Immersion Gold Deposition: PDMS substrates were immersed
in a Pd/Sn solution prepared as directed by the manufacturer (Cataposit 44 and Cataprep
404, Shipley) for 2 min, then immersed in an accelerator solution (6 M HCI) for 1 min.
The substrate was then metalized in the nickel plating solution (0.08 M nickel (1) sulfate
hexahydrate, 0.14 M sodium pyrophosphate decahydrate, and 0.07 M dimethylamine
borane; pH adjusted to 8) at room temperature (25-30°C) for 10 min with sonication.

After rinsing with water and drying using a stream of nitrogen, nickel coated PDMS
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substrates were immediately immersed in the 1G solution (Uyemura Gobright TAM-55

Neutral Immersion Gold Bath) for 10 — 20 min at 60 °C.

E-beam Evaporated Gold Films: PDMS and glass substrates were oxidized for 40
s in air plasma with an air pressure of 10 psig (flow rate of 32 mL/min), and then e-beam
evaporation was employed to deposit a 3-nm-thick titanium adhesion layer, followed by a

57-nm-thick gold layer.

Stretchable Interconnect Fabrication: A stretchable conductor was prepared by
patterning three ENIG2o wires (2 cm x 0.25 cm) on a PDMS substrate. The conductor was
loaded onto a micro-vice holder, and coper tapes were used to contact between the
surface of ENIG,, wires and the alligators attached to the Arduino. The LEDs and
resistors were also built on the breadboard following the instructions provided by

Arduino. The circuit was driven by the Arduino at 5V.

ACEL Device Fabrication: ZnS: Cu microparticles (Shanghai KPT Company)
were mixed with PDMS prepolymers (weight ratio of base to curing agent = 10: 1) in the
weight ratio of 1:1 to produce a phosphor paste. The prepared ZnS: Cu/PDMS paste was
then spin coated onto the ENIGy films at 500 rpm for 1 min. The composite was then
cured in an oven at 60 "C overnight. The emissive layer was oxidized with air plasma for
1 min, and then a mixture of PEDOT:PSS aqueous dispersion with 2 wt% Triton X-100

was spin-coated on the emissive layer at 2000 rpm for 1 min.

Characterization: Optical characterization was performed using an Olympus
BX51 microscope equipped with an Olympus Q-Color3 digital camera. A micro-vice

stretcher (S. T. Japan, USA, Inc.) was mounted to the microscope stage and samples were
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secured in the stretcher to obtain microscopy images of stretched samples. SEM images
were taken by a Hitachi S-4500 scanning electron microscopy (Surface Science Western,
London, ON, Canada). XPS spectra were obtained using a Kratos Axis Ultra
Spectrometer (Surface Science Western, London, ON, Canada). AFM images were
obtained using a Nanoscope VI Digital Instrument Multimode atomic force microscope
with a silicon high-aspect-ratio tip (10 nm radius) in the tapping mode. 1.0 mm areas
were scanned at a rate of 0.8 Hz. Powder XRD spectra were determined using a Proto
AXRD benchtop instrument with Cu oK radiation. Electrical characterization was
performed using a Keithley 2601A source meter. Gallium-indium eutectic (EGaln) (~5
uL) was first deposited by syringe to the corners (for Rs measurements) or ends (for
resistance measurements) of the ENIG surface to facilitate the electrical contact. R
measurements were carried our using a four-point probe setup. Data sets consisted of a
minimum of three samples, and the average was reported. For electrical measurements
under strain, samples (1.5 cm x 3 cm) were camped at both ends in a micro-vice stretcher,
and we manually stretched the films by moving the mobile clamps. EGaln was applied to
the two ends of the sample to reduce the contact resistance. The resistance was measured

at 5 % increments of strain.
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5.6. Supporting Information

QOO im

Figure S5.1. Optical micrographs of (a) 5 min, (b)10 min, (c)15 min, and (d) 20 min ELD of
nickel film on PDMS substrate.
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Figure S5.2. Optical micrographs of (a) ENIGy, and (b) ENIG;s on PDMS substrate. SEM
micrographs of (c) ENIGyo and (d) ENIG;5 on PDMS substrate.
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Figure S5.3. Photographs of (a) ENIG, (b) ENIG;s, and (c) ENIGy, films before (left column)

and after (right column) tape test.
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Figure S5.4. EDX of (a) ENIGy, (b) ENIGys, and (¢c) ENIGy films on a silicon wafer.
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Figure S5.5. SEM cross-sectional image of ENIGy, film on a silicon wafer.
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200 um

Figure S5.6. (a) Optical and (b) SEM micrographs of EBAu films on PDMS. (c) Photographs of
EBAu film on PDMS substrate before (left) and after (right) tape test. The marks on the gold film were left
when it was taken off from the sample holder.
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Figure S5.7. (a) AFM height image and (c) corresponding profile measurement of ENIG,, film on
a silicon wafer. (b) AFM height image and (d) corresponding profile measurement of EBAu film on a

silicon wafer.

168



Figure S5.8. Optical micrographs of (a) ENIGy, film and (b) EBAu film on PDMS substrate at
80% tensile strain.

Figure S5.9. Photographs of patterned ENIG,, wires on PDMS substrate (scale = 1 cm) as

stretchable interconnects for LED circuits at (a) 0% and (b) 40% tensile strain.
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Figure S5.10. (a) Change in maximum radiance of ACEL devices as a function of repeated 40%
strain cycles. (b) Resistance of PEDOT:PSS/Triton X-100 film on PDMS substrate as a function of
repeated 40% strain cycles.
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6. Chapter 6

Conclusions and Outlook
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6.1. Conclusions

Stretchable optoelectronics provide opportunities for this envision-centered world.
The research presented in this dissertation focused on developing a range of new
elastomeric electronic components and methods for the fabrication of large-area
mechanically flexible and stretchable light-emitting devices: how to fabricate patterned,
deformable, and reliable top transparent conductive electrodes (TCEs), how to impart
stretchability to brittle emissive materials while improving the optoelectronic
performance, and how to directly produce highly stretchable metal electrodes on
elastomeric substrates using a low-cost solution-based method. The following sections
will summarize each chapter, pointing out the challenges faced over the due course of

this research and the solutions to solve them.

Patterned and deformable TCEs are essential components in compliant
optoelectronic devices. AgNW network provides high optical transparency, electrical
conductivity and the ability to tolerate both bending and stretching strain, making it a
promising candidate to fabricate flexible and stretchable TCEs. However, there are two
problems with using AgNWs for patterned and deformable TCEs. First, AQNW network
produces a rough surface with protrusions > 100 nm from the surface, potentially leading
to an electrical shortage in thin film devices; Second, it is challenging to produce large-
area patterned AgNW network with mechanical compliance using a simple, cost-effective
and high-throughput method. We solved these two problems at the same time by first
using a benchtop wet/dewet fabrication method to generate patterned AgNWs followed
by embedding the AgNWs in a flexible or stretchable polymer matrix. We presented this
work in Chapter 2 of this dissertation. By only using selective plasma exposure and drop-
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casting, we obtained uniform and well-defined patterns of AgNWSs with versatile
features. We smoothed the surface of the AgNW network by embedding AgNWs into
either flexible OA or stretchable CF polymer matrix on PDMS substrate, which also
enhanced the flexibility or stretchability. The obtained patterned AgNW/polymer
coatings on PDMS substrate possessed smooth surface, high optical transparency, high
conductivity and high flexibility and stretchability with a low change in resistance,
making these films an ideal option for compliant TCEs. We demonstrated a flexible

ACEL device with the flexible AQNW/OA coating on PDMS as the TCE.

One obstacle for AGQNWs to be used as stretchable and reliable TCEs is that their
corrosion behavior in ambient conditions easily destroys AgNW network and
subsequently alters the optical, electrical, and mechanical properties of the AgNW
network. PDMS, the default substrate used in stretchable electronics, has a high
permeability to water and oxygen and cannot effectively protect AgQNWs from corrosion.
Although various barrier layers have been investigated to protect the stability of AgNWs,
this additional layer lowers the transmittance as well as increases the fabrication
complexity. Furthermore, the change in optical and mechanical properties of AQNW
network after exposure to harsh environments has not been fully investigated. We sought
to improve the reliability of AQNW network while imparting stretchability to the AgNW
network by replacing the permeable PDMS platform with the T-1IR platform, an
elastomer possessing higher impermeability to moisture and gas. A shift to T-IIR
platform combines oxygen and moisture barrier functionality with stretchability into one
material. In Chapter 3, we used a similar method developed in Chapter 2 to produce a

AgNW/CF coating on a T-l1IR substrate with optical transparency, high electrical
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conductivity, and mechanical stretchability. We have demonstrated that these properties
of this AgNW/CF coating on T-IIR substrate negligibly changed under environmental

stress, and significantly improved the reliability of the compliant AGQNW coating.

Another goal of the dissertation was to impart stretchability into a brittle
electroluminescent material. Filiatrault et al. used a stretchable electroluminescent
material to fabricate a light-emitting electrochemical cell (LEEC) with intrinsic
stretchability. They dispersed an emissive material, a ruthenium ionic transition-metal
complex, in an elastomeric PDMS matrix to impart stretchability to the emissive layer
itself. These large-area devices maintained orange light emission with bending, twisting,
and stretching. To diversify the colors, researchers shift to iridium iTMC complexes as
the electroluminescent materials, whose emission colors cover the whole visible spectrum
from red to blue. However, two challenges hinder the employment of iridium iTMC as
the emissive material: first, the long responding time due to its low ion conductivity is not
suitable for devices that require an instant response; adding ionic species to the emissive
material can reduce the responding time of LEECs as well as reducing the device
lifetime. Second, its brittleness does not tolerate mechanical stretch. We aimed to solve
these problems by dispersing the iridium iTMC in an amphiphilic graft copolymer matrix
consisting of 1IR backbone and PEO side chains (RgP). The IIR backbone provides
stretchability to the emissive material while the PEO side chain not only solubilizes
iridium iTMC to reduce phase separation but also forms a solid electrolyte with
LiCF3SO; to improve the ionic mobility. In Chapter 4, we reported that LEECs
fabricated from emissive layers containing RgP with 34 wit% PEO (RgP34) started to

emit bright yellow light within few seconds, and their intensity decayed to 60% of the
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maximum radiance after three hours of operation at 6 V DC. This supported that
incorporation of RgP in the emissive layer is beneficial to device turn-on time and
stability. Stretchable LEECs fabricated from a stretchable semi-transparent gold film on
PDMS as the anode, the developed iridium composites as the emissive material, and a
liquid metal eutectic indium gallium as the cathode withstood 30 cycles of 15% strain

with minimal influence on the radiance.

Stretchable metal films are suitable to act as the bottom electrode for compliant
light-emitting devices due to the high conductivity. One method to improve the
stretchability of gold films on PDMS substrate is to configure the metal films into
stretchable designs such as out-of-plane buckles, pop-ups, or serpentine designs. Another
method is to induce morphologies to the substrate to change the crack propagation
behavior. Although these methods produce highly stretchable gold films, the non-planar
topography, small conductive area, or the micro-scare surface roughness make the gold
films produced using these methods not suitable to act as electrodes for large-area thin
film device. In addition, all these methods use physical vapor deposition (PVD) to
deposit the gold film, which is a high-cost fabrication process. Moreover, the typical
method to generate patterned metal film uses photolithography, which is a multi-step
process. We sought to improve the stretchability of gold films on PDMS by using a low-
cost solution-based electroless nickel/immersion (ENIG) process to deposit gold on
PDMS and produce pattered gold films using a single step micro-contact printing (uCP).
In Chapter 5, we have demonstrated that the gold films fabricated using ENIG method
were superior to the gold films fabricated using PVD in conductivity with stretching: The

ENIG films remained conductive up to 95% elongation with the change in resistance less
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than 19x the initial value, after which the PDMS substrate fractured. In contrast, gold
films produced using PVD method, specifically electron beam evaporation, failed to be
conductive at < 5% strain. This excellent stretchability of ENIG films was likely
originated for its heterogeneous crystallographic orientations. The patterned ENIG films
had a high resolution as small as 10 um. We demonstrated these films as the bottom
electrode in large-area stretchable ACEL devices and showed that the intensity of the

device changed negligibly with stretching.

6.2. Outlook

6.2.1. Patterned, Compliant, and Durable AgNW Network as TCESs

In Chapter 2, we showed a simple method to produce patterned and durable
AgNW/polymer coatings with mechanical compliance. These coatings functionalized
well individually, however, integrating them into deformable light-emitting devices
through lamination is challenging. Due to the weak adhesion between the top electrode
and the emissive layer, the structure is easily destroyed when devices are bent or
stretched. The next steps to improve the robustness of the integrated device structures
require enhancing the adhesion between all the layers in the deformable device. The
possible approach includes developing an ultrathin AgNW/polymer coating that can
adhere better to the emissive layer due to the larger energy required to peel off the thin
coating. One interesting phenomenon we observed in Chapter 3 is that the delamination
of the elastic AQNW/CF coating from the T-1IR substrate with stretching might prolong
the stretchability of the AQNW/CF coating on T-IIR. Further study needs to be conducted

in order to fully understand the stretching mechanism of the bilayer structure, including
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using SEM technique to provide insight on the delamination spots of the interface, testing
the debond energy of the AQNW/CF coating on T-IIR substrate, and using computational
stimulation to study the stress localization in the composite. This work will provide a new

method to impart stretchability to bilayer structure.
6.2.2. Elastomeric Matrices in LEECs

In Chapter 4, we demonstrated that incorporating an amphiphilic graft copolymer
into the emissive material not only improved device response time and lifetime, but also
stretchability. In addition, we will focus on quantifying the ion conductivity of the
copolymer based solid electrolyte and studying the effect of adding RgP copolymers to
the active materials on the ionic mobility, stability, and stretchability of other types of
devices such as batteries. These studies will open up a new method to fabricate

stretchable electronics spanning from light-emitting devices and energy storage.
6.2.3. Stretchable Metal Films

The work described in Chapter 5 presents solutions to produce highly stretchable
gold films on PDMS substrate using a low-cost solution-based method. These gold films
possess low surface roughness, large-conductive area, and high conductivity with
stretching likely due to the heterogeneous orientation of the ENIG films. Future work will
examine the stress distribution in the ENIG film with stretching and provide an in-depth
understanding of the stretching behavior of polycrystalline films on the elastomeric
substrate. Since this solution-based deposition method is compatible with irregularly
shaped surfaces, we will also apply this method to coat metal on a non-planar substrate

such as textiles and fibers to achieve wearable electronics.
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