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Abstract

Silver nanowires (AgNW) were incorporated into different organic—inorganic hybrids and a silicone composition that served
as a reference. Spin coating yielded transparent conductive films, their respective nanowire distribution, thermal activation,
and visual transparency were characterized. The percolation threshold of the films scales with the individual average AgNW
length. Substantial conductivity was maintained throughout mechanical stretching up to 30%. Microstructured
organic—inorganic hybrid composite films were obtained by UV lithography.

Graphical Abstract

Composites of hybrid inorganic—organic polymer resins with silver nanowires can be microstructured by UV lithography.
Such films retain electrical conductivity even when stretched by 30%.
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Highlights

e Silver nanowires (AgNWs) were introduced into organic-inorganic hybrid composites.

e Transparent conductive films were prepared based on this formulation.

e The resulting conductivity can well compete with sputtered transparent conductive oxides.
e The flexible films retain conductivity up to 30% stretching.

e Microstructured conducting paths were obtained by UV-lithography.

1 Introduction

Since their initial invention [1] the high aspect ratio of silver
nanowires [2-4] was utilized for the fabrication of con-
ductive films and structures [5]. As the early percolation into
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In contrast to transparent conductive oxides (TCOs) such as
Indium Tin Oxide (ITO), Antimony Tin Oxide (ATO), or
Aluminum-doped Zinc Oxide (AZO), silver nanowire net-
works are flexible [8, 9] and thus may withstand bending or
even stretching [5, 10, 11]. Therefore, these materials are
excellent candidates for flexible and stretchable transparent
electronic devices [12—14] such as solar cells [15-17] and
displays [18, 19].

In general, transparent films of sole AgNWs may be
deposited in a thickness that only has to facilitate the
overlap of single nanowires in order to establish a con-
nective network. Such fragile microstructures, however,
are extremely prone to mechanical damage [12, 20].
Therefore, protective layers are commonly applied
[12, 21]. If these materials are insulating, the electric
contacts to the functional AgNW film becomes a
technical issue.

To overcome these problems silver nanowires may be
incorporated into a polymer matrix system. Doing so the
interconnectivity of the AgNWs will be handicapped. The
use of such a composite, therefore, will always imply a
tradeoff between electric conductivity, optical transparency,
and mechanical performance.

Apart from single reports of Kim et al. [22, 23] silicones
are primarily described as matrix materials for AgNW
composites [12, 21, 24]. As technically mature materials,
silicones are available in a broad range of mechanical
properties at low cost. For electronic applications, however,
the fabrication of elaborate microstructures by, e.g., UV
lithography is required. In this respect, standard silicones
only offer limited options [25]. Therefore, alternative matrix
materials that can be laterally structured have to be
considered.

Transparent organic—inorganic hybrids can fulfill these
requirements: they consist of inorganic domains that are
formed by hydrolysis and condensation reactions which
may subsequently be connected by the organic poly-
merization of alkoxysilane sidechains [26]. If this organic
reaction is induced by local irradiation and the uncured
film regions are removed by a washing step, lateral
microstructures are formed. The remaining pathways can
offer a chemical and thermal stability similar to silicones
due to their inorganic—organic nanostructure. Numerous
optical and electrical applications have been realized by
UV lithography [27] or laser processing [28] of
organic—inorganic hybrids even on an industrial level.

To our knowledge, the compatibility of any
organic—inorganic hybrid with AgNWs has not yet been
demonstrated. For that purpose, as a first feasibility study
we chose a polar and a nonpolar organic—inorganic hybrid
for the preparation of two silver nanowire composites. A
commercial silicone formulation was used to serve as a
reference material.
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2 Experimental procedure
2.1 Preparation of AgNWs

Polyvinylpyrrolidone (PVP) (M,,~55,000), silver nitrate
(299%), sodium chloride (299%), ethylene glycol (EG)
(99.8%), and Iron(Ill) nitrate (298%) were purchased from
Sigma Aldrich, ethanol (99.8%, denatured with 1% methyl
ethyl ketone) was purchased from CSC Jdklechemie. All
chemicals were used as received without further purification.

The silver nanowires were synthesized by a modified
polyol process developed by Sun et al. [29]. For this pur-
pose 5.31 g PVP (M ~ 55,000, 0.097 mmol) was dissolved
in 115.19 g EG by an ultrasonic bath and preheated to
140 °C. After reaching the requested temperature, 865 pl of
a 0.22 mol/l NaCl-solution (0.19 mmol in EG) as well as
240 pl of a 0.2 mmol/l Fe(NO3);-9H,0 (0.048 pmol in EG)
were added to the hot solution and stirred for 5 min at
100 rpm. A previously prepared AgNOj3 solution (1.09 g in
28.82 g EG, 6.42 mmol, ultrasonic bath) was added drop-
wise while protecting from light in order to avoid photo-
sensitive reactions. The mixture was stirred at about 140 °C
for 90 min and cooled down to room temperature to add
50 ml ethanol.

The obtained suspension was centrifuged once for
15 min at 2000 rpm and after that several times for 10 min at
1500 rpm. Between every centrifugation step, the sediments
were dispersed with 10 ml ethanol. Finally, all of the sedi-
ments were rejoined and transferred to a volumetric flask to
determine the mass of the obtained silver nanowires.

Even if the conditions were kept constant, different
syntheses resulted in different mean lengths of AgNWs. The
investigation of the mean length of the nanowires was
carried out by defining the reference distance in pixels
(ImageJ) by means of laser scanning microscope images.
On this occasion, the known distance of the inserted scale
was set and determined as the standard. After marking all
the single wires under sufficient magnification it was pos-
sible to compare them with the standard and to average
them. At least, the data were used for numerical data ana-
lysis. Eighty percent of the syntheses resulted in average
lengths between 10 and 20 pm. For the preparation of
composites three batches with average AgNW lengths of 7,
12, and 140 um were chosen.

2.2 Synthesis of matrix materials

The polar organic—inorganic hybrid was synthesized based
on the EU patent EP 0 451 709 B1 [30].

Therefore, 0.05 mol 3-(triethoxysilyl)propyl isocyanate
and 0.0025 mol dibutyltin dilaurate were added dropwise
to 0.05mol of the acrylate 1,4-butanediylbis[oxy(2-
hydroxy-3,1-propanediyl)] diacrylate under moisture-free
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atmosphere. After 1h, the reaction is complete and a
slightly yellow solution is obtained. For hardening Ciba®
Irgacure® 500/369 functioning as a UV-hardener is used.

The synthesis of the nonpolar organic—inorganic
hybrid is carried out by mixing 0.038 mol vinyl-
trimethoxysilane, 0.4 mol vinylmethyldimethoxysilane,
0.5 mol diphenyldimethoxysilane, and 0.313mol 3-
methacryloxypropylmethyldimethoxysilane or 2-(3,4-
epoxycyclohexyl)ethyltrimethoxysilane. As suitable cat-
alyst 1.2 mol dil. HCl is added to the reaction mixture and
stirred for 24 h at a temperature of 80 °C. The obtained
solution is diluted with 7.6 mol of ethyl acetate and
subsequently washed five times with 300 ml distilled
water. All volatile components are removed within 20 h
from the reaction mixture by rotational evaporation with a
maximum bath temperature of 40 °C. Finally 23 wt% bis-
[(dimethylsilyl)phenyl]ether as a crosslinking terminated
SiH-reagent and 1wt% of a diluted platinum-
divinyltetramethyldisiloxane complex in xylene is added
to the colorless resin to ensure hydrosilylation.

The silicone formulation contains 0.002 mol Mod 705,
0.0062 mol VQM 906, 0.0061 mol CL120 (Evonik Indus-
tries). The commercial silicone components were used as
received without further purification and mixed together by
a speed mixer. The curing step is processed by 0.1 wt% of a
platinum catalyst that crosslinks the addition-curing silicone
at room temperature.

2.3 Preparation of composites

We chose polar and nonpolar organic—inorganic hybrid/
AgNW and silicone/AgNW composites by preparing a
simple composite solution for application and character-
ization. Therefore, the as-prepared matrix system was
diluted 1:10 with ethyl acetate or ethanol and mixed with
the desired amount of an as-prepared ethanolic NW sus-
pension. The specific volume fraction in a cured composite
film depends on the concentration of the NW component
and the solid-state densities of the used resins. It was also
assumed that the mass of the AgNWs was evenly dis-
tributed over the whole film after spin coating. Conse-
quently, the volume percentage of silver nanowires in the
film could be calculated via (mag/pag)/[(Miesin/Presin) +

(mAg/pAg)]-
2.4 Film deposition and handling

For film deposition, the prepared suspensions were applied
on a glass substrate or on an elastomeric substrate for
mechanical measurements and spun with 3500 rpm over
20 s. The thickness is controllable by varying the rotational
speed from 300 to 5000 rpm. After that, the sample was
stored and dried for several minutes under ambient

conditions before curing. The polar organic—inorganic
hybrid material was UV cured with two mercury-vapor
lamps (6 J/cm?) and then tempered at 250 °C for 2 h. The
nonpolar organic—inorganic hybrid material was heated up
to 240 °C with a heating rate of 5 °C/min and hold at this
temperature for 2 h. The same procedure was realized with a
temperature of 230 °C for the silicone.

The samples for mechanical investigation were secured
in the vice and stretched up step by step to more than 30%
with subsequent releasing to the initial state. While
stretching and releasing the electrical resistance was mea-
sured on the surface by an electrical four-point probe
measurement setup.

For UV-patterning the nonpolar organic—inorganic
hybrid was mixed with a UV starter (Ciba® Irgacure® 369
for acrylates, CYRACURE™ UVI-6974 for epoxide
resins) and spin coated on a substrate (see above). After a
first thermal treatment (“pre-bake”) at 100 °C for 1 min,
which is intended to limit the flowability of the material
but not to affect its solubility in organic solvents, the
stiffened conductive structures are produced by UV
exposure (mask aligner MA6; 20 mW/cm?) through a
mask. After a further thermal step (“post-exposure bake”)
at 100°C for 1min the development takes place by
removing the non-UV-exposed areas of the composite
with the aid of a solvent (e.g., isopropanol). Finally, the
remaining film was tempered in air atmosphere and resi-
dual Ag nanowires on the surface were removed
mechanically (tape) or by means of an etchant (dil. HCl/
HNOgj-solution or H,0,).

2.5 Characterization

The wetting behavior at any point on a solid surface was
determined by a drop shape analysis system (A.KRUSS
Optronic GmbH) which is used flexibly for the precise
measurement of contact angle and surface free energy by
the sessile drop method.

The surface conductivity was measured at room tem-
perature with a four-point probe on a 3458 A multimeter
from Hewlett—Packard. For this purpose, the probe head
was placed at five different positions on the surface to
receive an average of all the measurements. As only the
system getting the normal resistivity one has to consider to
multiply the values by 7/In2 to obtain the surface resistivity
Rg [Q[]. The specific conductivity o is 1/(Rgd) with the
film thickness d and the specific resistivity is Rg-d.

The transmission measurement was performed by a
Shimadzu UV3100. Technical glass such as borosilicate
float glass (SCHOTT BOROFLOAT®) serves as substrate/
reference. The wavelength range was set from 300 to
1700 nm. Including the Lambert-Beer law it was possible to
calculate the values for transmission at the same thickness.

@ Springer
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103°

a) silicone

b) nonpolar hybrid 83°

c) polar hybrid 55°

Fig. 1 Photographic image of water drops on a silicone film (a), a
nonpolar hybrid (b), and a polar hybrid (c) along with the respective
contact angles

A Keyence 3D-Laser scanning microscope VK-X100K/
X200K was used for imaging. The optical and the laser
image were combined by the instrument’s software. The
mean length of the AgNWs was determined by image
analysis using the software ImagelJ. During the examination
of the composites, five image sections each were randomly
selected and examined. No systematic differences in
homogeneity were found, which is why a representative
image was chosen.

3 Results and discussion

Since the polarity of the selected organic—inorganic hybrids
was expected to have a critical impact on the dispersibility of
silver nanowires, contact angles with water were measured.
In Fig. 1 the results for two organic—inorganic hybrid com-
positions are shown in comparison to a standard silicone film
that served as a reference. It can be seen that both systems
show lower contact angles to water than the silicone film. As
with 83° and 55° the two organic—inorganic hybrids show a
significant difference in polarity, they subsequently will be
referred to as “nonpolar hybrid” and “polar hybrid”.

@ Springer

In the current literature, silicones are the polymers
mostly used for the preparation of AgNW composites
[31-33]. Due to the synthesis conditions, highly polar PVP
molecules are adsorbed to the surface of standard silver
nanowires [34]. The two organic—inorganic hybrids under
investigation here thus presumably will have an even better
compatibility to the AgNWs than silicones.

AgNW batches with average lengths of 7, 12, and
140 um were used to prepare composites with the
organic—inorganic hybrids and the silicone formulation. In
order to check for a homogeneous nanowire distribution
films were prepared and characterized by laser scanning
microscopy (LSM). For these preliminary investigations a
concentration of 3 vol% AgNWs was chosen, the results are
summarized in Fig. 2. Up to lengths of 12 ym no nanowire
agglomeration is detected for any of the matrix systems.
Even though both organic—inorganic hybrids have higher
polarities, the silver nanowires are also evenly distributed in
the silicone. A complete percolation even for short lengths
is visually suggested here. It has to be noted, though, that
intersected nanowires may be separated by matrix material
in the depth of the films. Therefore, electrical measurements
are required to test the connectivity of the wires.

For average lengths of 140 um the dispersion in all
matrix systems becomes increasingly difficult which is
particularly apparent for the polar hybrid in Fig. 2.

For any charge transfer within the metallic network not
only long range separation by the polymer matrix is cri-
tical. In addition, adjacent nanowires may be insulated by
the PVP layers on their surface. It has been reported that
temperatures between 150 and 200 °C are required for
pure AgNW films in order to establish the best possible
conductivity [35, 36]. Under these conditions, the PVP
insulation is removed and a physical contact between the
silver wires is established by “welding”. At higher tem-
peratures the microstructure of the nanowire is degraded
due to melting and the formation of separated silver
structures [35].

In Fig. 3 the conductivity of different AgNW composites
are given as a function of film treatment temperature. All
samples were prepared with a silver concentration of 3 vol%
and an average nanowire length of 7pum. As the con-
ductivities were in a close range, the data were normalized
to the respective maximum conductivity for better visibility.

The conductivity of all composites initially increases due
to the removal of PVP from the silver surface and welding
of the nanowires. A maximum conductivity is obtained after
heating to 230 °C for the silicone matrix, 240 °C for the
nonpolar hybrid, and 250 °C for the polar hybrid. At higher
temperatures the conductivity decreases presumably due to
the degradation of the nanowires.

These results reveal different facts: firstly, all matrix
systems stabilize the conductive networks compared with
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Fig. 2 Laser scanning average nanowire length

microscopy images of AgNW

composites using different 7 um

12 pm

average nanowire lengths. In
total, 3 vol% of silver nanowires
were incorporated in a silicone,
nonpolar hybrid and polar
hybrid matrix respectively
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Fig. 3 Normalized conductivity of different AgNW composites as a
function of film treatment temperature

pure AgNW films were the performance already starts to
drop above 150-200 °C [32, 35]. This may indicate that the
PVP layer adsorbed on the silver surface is protected by
the matrices and the contact between the wires (as well as
the subsequent nanowire degradation) is shifted to higher
temperatures.

This interpretation is supported by a second observation:
the temperature of maximum conductivity seems to scales
with the respective matrix polarity (compare Fig. 1). As the
PVP molecules are highly polar they are expected to
establish better noncovalent interactions to a polar matrix,
the interface is therefore stabilized.

Upon closer inspection of Fig. 3 it can be seen that the
formation of an electroconductive network and its degra-
dation proceeds in a narrow temperature range within a
silicone matrix. In contrast to that the width of this thermal
zone is significantly broader for both organic—inorganic
hybrid systems. In these materials regions that are mainly
composed of an inorganic network, coexist with zones that
are dominated by organic material. The thermal processes
that lead to the formation of the metallic network (and
subsequently to its disintegration) are likely to depend on
the local chemical environment. The inhomogeneity on the
organic—inorganic hybrid matrix nanoscale therefore will
broaden the relevant temperature range.

Besides these theoretical evaluations the above findings
have a practical consequence: for all subsequent investiga-
tions the treatment temperature of the films was fixed to
230 °C for silicone, to 240°C for the nonpolar, and to
250 °C for the polar hybrid matrix in order to obtain max-
imum conductivity for the respective AgNW composite.

The nanowire concentration as well as their average
length will have a decisive effect on the electrical and

@ Springer
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Fig. 4 Surface resistance of a nonpolar hybrid AgNW composite as a
function of silver content for different average nanowire lengths

optical performance of the composite films. As no sig-
nificant difference between the different matrix systems
under investigation was found, in Fig. 4 the surface con-
ductivity of a nonpolar AgNW composite is given as an
example. For silver contents exceeding 4 vol% the compo-
sites have a surface resistance of ~10 Q [] irrespective their
average length. A percolating AgNW network exists and
further metallic pathways do not further increase the con-
ductivity. At lower silver contents the resistivity slowly
increases until a steep upraise indicates the disruption of
material percolation. This threshold is reached at a silver
concentration of 1.5 vol% for average wire lengths of 7 and
12 um, no difference was measured between these batches.
For AgNWs with an average length of 140 um the perco-
lation is interrupted below 1 vol%.

For practical and economic reasons we relied on lab-
made silver nanowires which were regularly synthesized
with average lengths between 10 and 20 um. Occasionally
larger lengths were obtained and such materials are also
commercially available. Nevertheless, Fig. 4 indicates that
such batches do not result in an excessive improvement of
electrical performance. As stated above (Fig. 2) longer
nanowires may impede their homogeneous dispersibility in
the matrix systems. We therefore conclude that the use of
AgNW lengths between 10 and 20 um is reasonable, espe-
cially if a commercialization of functional composites is
considered.

In order to investigate the optical properties, composites
containing AgNW of an average length of 12 um were
prepared and their silver content was varied. In Fig. 5 their
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Fig. 5 Optical transmittance at 550 nm for AgNW composites with
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Table 1 Properties of different AGNW composite films

Matrix system Silicone Nonpolar hybrid Polar hybrid
Treatment temperature 220 230 250
[°C]
Film thickness [um] 330 290 225
Sheet resistance [Q[]] 4.58 4.84 7.23
Specific resistance [Q 1.51E—-04 1.40E—04 1.63E—04
cm]
Transmittance at 79 76 63
550 nm [%]
140
| nonpolar
7 1201 hybrid
g. 4
o 100
o _
c
S 804
0
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<) ]
Q
g 40 -
= ]
[72]
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Fig. 6 Surface resistance of different AQNW composites as function of
film elongation
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Fig. 7 Photograph (left) and
LSM image (right) of a nonpolar
hybrid AgNW composite film
microstructured by UV
lithography

transmittance is given as a function of the resulting sheet
resistance.

In general, the optical transmittance drops as the silver
content is raised which causes the improvement of sheet
resistance. The results are comparable if silicone and the
nonpolar hybrid are used as the matrix. In contrast to that
the optical transmittance is ~20% lower for the polar hybrid
system. In this composition an UV initiator (Ciba® Irga-
cure® 369) is required which leads to slight coloration of
the films and thus to the observed loss of transmittance.

For the technical evaluation of conductive films their
sheet resistance often is quoted. Considering the respective
thickness the specific film resistance can be calculated. In
Table 1 such representative data are given along with other
parameters.

The above data show excellent results regarding pro-
cessing parameters and optoelectronic properties. While
TCOs require high posttreatment temperatures exceeding
300 °C the silver nanowire composites can be cured and
activated at lower temperatures. Furthermore, a comparison
of the specific resistances (~1 x 10~* Q cm) with the com-
monly used conductive oxides illustrates good electrical
properties for technical performances and are in no way
inferior to them [37].

For applications, where transparent conducting coatings
have to be bended or even stretched, brittle oxide films
such as ITO, AZO, and ATO cannot be used. Here com-
posites of flexible polymers with AgNWs may offer pro-
minent features. The polar hybrid under investigation in
this study, however, had initially been developed as a
scratch-resistant coating. AgNW composites based on this
formulation thus may provide high mechanical strength,
but their flexibility is rather limited. When such films were
deposited on soft substrates, they already lost their electric
conductivity under moderate mechanical wear. In contrast
to that, AgNW composites based on silicone and the
nonpolar hybrid exhibit a significant higher durability. In
Fig. 6 the surface resistance of such films is given as a
function of elongation. For both systems, the sheet

resistance remains below 10 Q[] for elongations up to
10%. In the case of the nonpolar hybrid, the resistance
significantly increases at higher distensions, above 30% no
conductivity is measured anymore. Under these conditions
cracks can be observed, obviously, the silver nanowires
rupture within their matrix. In contrast to that higher
electric conductivity is maintained for the silicone-AgNW
composite for large elongations.

Regarding the electromechanical properties silicone
outperforms the nonpolar hybrid as matrix material. In
contrast to standard silicone formulations, however, the
nonpolar organic—inorganic hybrid can be microstructured
by UV lithography. This feature may be essential for
applications where the design of transparent circuitry is
required. In Fig. 7 the photograph of such a conductive path
is given along with a cutout image taken by LSM at higher
magnification.

As can be seen from the images the composite film is
clearly separated from areas where it has been removed
throughout the developing process. It is focus of ongoing
research to determine the spatial resolution that can be
obtained by UV lithography. In this context, it is expected
that the average length of the embedded nanowires will be a
decisive factor.

4 Conclusions

It is possible to homogeneously incorporate silver nano-
wires into organic—inorganic hybrids. Films prepared from
such composites can exhibit a specific resistivity as low as
1.40E—04 QO cm with a transparency of 76% at 550 nm.
Electric conductivity is maintained throughout stretching up
to 30%. As laterally structured conductive pathways can be
obtained by UV lithography these AgNW composites are
suitable for the fabrication of stretchable transparent
electronics.
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