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ABSTRACT: Metallic nanowires are among the most promising transparent
conductor (TC) alternatives to widely used indium tin oxide (ITO) because of
their excellent trade-off between electrical and optical properties, together with their
mechanical flexibility. However, they tend to suffer from relatively large surface
roughness, instability against oxidation, and poor adhesion to the substrate.
Embedding in a suitable material can overcome these shortcomings. Here we
propose and demonstrate a new TC comprising silver nanowires (AgNWs) in an
ultrathin polyimide foil that presents an optical transmission in the visible larger than
ITO (>90%), while maintaining similar electrical sheet resistance (15 ohm/sq). The
polyimide protects the Ag against environmental agents such as oxygen and water
and, thanks to its deformability and very small thickness (S ym), provides an ideal
mechanical support to the NW’s network, in this way ensuring extreme flexibility

Trasmittance @ 550 nm

100

80+

70+

60

o AgNWs-Glass
O AgNWs-PI

—— Theo. Calc.

TO-Glass

L]
ITO-PET

0 20 40 60 80 100
Sheet Resistance (Ohm/sq)

120

(bending radius as small as at least 1 mm) and straightforwardly removing any adhesion issue. The initial AgNWS’ roughness is
also reduced by a factor of about 15, reaching RMS values as low as 2.4 nm, suitable for the majority of applications. All these
properties together with the simple fabrication technique based on all-solution processing put the developed TC in a competitive
position as a lightweight, mechanically flexible and inexpensive substrate for consumer electronic and optoelectronic devices.
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B INTRODUCTION

Thin film transparent conductors (TCs) that combine high
electrical conductivity and optical transmittance are of great
importance to electronic and photonic devices, in particular,
photovoltaic cells, touch-screen displays, and organic light
emitting diodes. Apart from low electrical sheet resistance (Rg)
and high optical transmittance (Topr), the durability and
compatibility with large scale manufacturing are also essential
features for ensuring commercialization of the final products
containing the TCs."? In addition, with the emergence of
flexible optoelectronic devices, the next generation of TCs
should be capable of withstanding significant bending.>* Until
now, indium tin oxide (ITO) is the most widely used TC
thanks to its advantageous trade-off between Topp and Rq.
However, on one hand, the shortage of indium makes ITO
expensive while, on the other hand, the fact that thick oxide
layers (typically of the order of 100 nm) are fragile and easily
crack under bending makes ITO unsuitable for roll-to-roll
processing (R2R) of polymeric flexible devices,”® which is
becoming essential for low cost production of flexible electronic
and optoelectronic devices.

There has thus been a widespread search for new flexible TC
materials and geometries such as graphene,®” carbon nano-
tubes,® metal grids,”'® random metal nanowires,""** conduct-
ing polymers,”” and their combinations.'*™'® However, apart
from metal grids and nanowires, most of these TCs suffer from
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poor electrical conductivity resulting in devices with low
efficiency. Metallic nanowires (NWs), especially those made of
silver (Ag), have somehow emerged from other ITO
alternatives, especially when one considers the trade-off
between Topr and Rg. In particular, devices incorporating Ag
NWs based TCs have been shown to perform as well as those
with ITO."”'® However, the high surface roughness and their
poor adhesion to the substrates are major drawbacks that still
need to be addressed in an effective manner."” Usually, NW
films are obtained by either spin coating,"*'® Meyer rod," dry
transfer,”® Doctor Blade method,*" or spray coating.”* These
methods lead to NWs dispersed on the substrate surface
without an efficient contact between them and with the
substrate itself. As a consequence, the NWs can easily detach
from the substrate, for example even after a weak smudge or
blowing low pressure air/N,. Recently, to address the adhesion
problem, nail-polish solution®® and encapsulation by metal
oxide colloidal solution have been used with some success."***

Polyimide (PI) possesses outstanding thermal/mechanical
stability with a high glass transition temperature (>350 °C),
light weight, chemical inertness, excellent mechanical proper-
ties, low thermal expansion coefficient, and also high tensile
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strength.”>*® 1t has already been used as high performance

substrate in microelectronics and aerospace industries. In this
work, we report a free-standing TC together with its enhanced
properties, which is made of AgNWs directly embedded in a PI
substrate using all solution processing methods. The resulting
conductive substrate has Topr as high as >90% (550 nm) and
Rg as low as 15 Ohm/sq; it is mechanically flexible, and
presents a very smooth surface (24 nm root-mean-square

value).

B EXPERIMENTAL DETAILS

Electrode Fabrication. The fabrication steps for the proposed TC
are schematically shown in Figure 1. Glass or polyethylene

Figure 1. Fabrication steps of AgNW-PI transparent conductive
substrate. AgNWs suspended in isopropanol were spin-coated onto a
glass/plastic substrate. This was followed by spin coating of polyimide
(PI). After annealing (100 °C for 10 min followed 180 °C for
additional 10 min), the PI with embedded AgNWs was peeled off from
the supporting glass/plastic substrate.

terephthalate (PET) (0.125 um) substrates were cleaned in acetone
followed by ethanol for 15 min using an ultrasonic bath. Commercially
available AgNWs (average diameter in the 15—35 nm range; average
length 15—30 um; produced by Seashell Tech., California) were spin
coated onto glass/PET substrates. Prior to spin coating, the AgNWs
dispersed in IPA solution were diluted down to the required
concentration (approximately 4.4 mg/mL). After a few minutes of
drying at room temperature, a clear grade PI solution (VTEC-080051)
is then spin coated onto AgNWs and is annealed, first at 100 °C for 10
min and subsequently at 180 °C for an additional 10 minutes.
Annealing makes the PI dry and consequently solidify into a thin film.
The PI incorporating the Ag NWs is then carefully peeled off from the
glass/PET substrate, in this way creating a solid, smooth, and free-
standing flexible TC (AgNW embedded PI: AgNW-PI) (Figure 2a,b).
The thickness of the PI thin film can be controlled by adjusting the
spin-coater speed. In this work, the thickness of the PI film was
between 5 and 6 pm. Other techniques, such as Doctor Blade, Meyer
rod, or spray coating methods could also be used to deposit the PI film
on the top of AgNWs. The glass/PET substrate can be reused to
deposit a new AgNW-PI film.

Electrical and Optical Characterization. The Rg measurements
of the films were carried out by a Cascade Microtech 44/S 2749 four-
point probe system with a Keithley 2001 multimeter. The results were
cross checked with the van der Pauw method. Optical transmittance
measurements were carried out by a PerkinElmer Lambda 950 UV—
vis—NIR spectrophotometer.

Surface and Stability Characterization. Surface morphology
was investigated by a digital instrument D3100 atomic force
microscope (AFM) and FElI-scanning electron microscopy (SEM).
The AFM image analysis was carried out with Nanoscope 7.30
software. A humidity chamber Vétsch VCL 7003 was used for the
damp-heat test in harsh conditions of 85 °C and 85% relative humidity
for a period of 30 days.
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Figure 2. (a) Peeling-off of AgNW-PI transparent electrode from the
glass substrate. (b) Resistance measurement showing electrical
conduction. Atomic force microscope (AFM) images of front (c)
and back side (d) of the AgNW-PI transparent conductor. Top (e)
and cross-sectional (f) scanning electron microscope (SEM) images of
the developed AgNW-PI structure.

Transparent Heater. A source fitted with potentiometer was used
to apply the voltage. Temperature was recorded as a function of time
using Fluke 566 infrared thermometer.

B RESULTS AND DISCUSSION

Figure 2c—f shows the atomic force microscope (AFM) and
scanning electron microscope (SEM) images of a typical
AgNW-PI based TC. A root-mean-square (RMS) roughness of
2.4 and 0.2 nm was measured for the front side with AgNWs
and back side, respectively. The smooth surface morphology
clearly indicates that the AgNWs are partially embedded inside
the PI film. AgNW films on bare glass show roughness larger
than 35 nm which is considered one of the most critical
parameters preventing them to be used in, for example, efficient
organic photovoltaic cells without any buffer layers. In the case
of pristine AgNW films, high morphological peaks (heights can
easily exceed 80 nm) exist where NW overlaps, depending on
the NW’s diameter and density. The PI material tends to fill the
gaps in between the NWs and reduce the overall roughness.
Note that wrinkles can form on the front side during peeling oft
of the PI from the supporting glass/PET substrate, as is evident
in the AFM images. The SEM images clearly show the presence
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of PI in-between Ag NWs. In addition, the cross-section SEM
image indicates that the Ag NWs are mainly localized on one
side of the PI film (Figure 2f).

Figure 3 shows the Topr (at 5SSO0 nm) and Rg of different
concentrations of AgNWs on both glass ((]) and PI (O). As it
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Figure 3. Optical transmittance at a wavelength of S50 nm as a
function of electrical sheet resistance for the developed transparent
conductor for different concentrations of AgNWs. The picture also
shows theoretical calculated values of only AgNWs along with
standard ITO values. The inset picture shows the transmittance
spectra of AgNW-PI along with AgNW on glass, blank glass, and only
polyimide (PI) film.

can be seen, the AgNW-PI films show higher transmission and
slightly lower Rg for a given concentration. More detailed
information regarding the change in Rg for AgNWs-PI films can
be found in the Supporting Information (Figure S1). The
reason for higher Tgpr is mainly due to the higher
transmittance of bare PI films compared to blank glass
substrate (inset of Figure 3). In fact, the glass substrate (UV
fused silica) shows a flatter spectrum over the wavelength range
of interest while PI film substrate has superior transmission
except for the ultraviolet (UV) region. For comparison reasons,
corresponding values for commercially available ITO on glass
and PET are also shown. One can note that AgNWs both on
glass and PI films present improved electro-optical performance
trade-off with respect to ITO. In particular AgNW-PI shows
significantly higher Topr and lower Rg compared to ITO on
PET substrates, both of them being flexible.

The size and shape of the NWs lead to light scattering which
is generally known as the haze effect. This effect, which can be
significantly reduced by moving to lower NW diameters, if
properly tailored, could lead to enhanced interaction and
absorption with the active layer in a device.”* The haze factor of
the deposited AgNW-PI samples for different concentrations is
measured to be in the range 1.2—3.5% (the higher the NW
concentration the higher the haze). Thus, the AgNW-PI film
presents comparable haze to AgNWs only on glass. The
measured Rg values of all the samples ranged from 7.5 Ohm/sq
to 52 Ohm/sq depending on the AGNW concentration. For the
same concentration of AgNWs, the AgNW-PI films showed
slightly better Ry compared to AgNWs only on glass. This can
be explained in terms of the gradual drying of PI solution which
provides the capillary forces for aggregating PI film around the
NWs, thus increasing their contact and reducing the
corresponding resistance.”” The process of annealing itself

also helps to decrease the contact resistance as it improves PI
aggregation around the NWs.

For a AgNW mesh, the electrical Ry is usually related to Topr
through either a percolation®® or random walk theory.” The
percolation model is governed by the equation

LA G — - +%($)
o, 3 p + E(np) 3 \o, 0

where o, is the effective electrical conductivity, o, is the
electrical conductivity of the matrix in which NWs are
embedded, # is denoting the straightness ratio of the NWs,
and 703 and #5f represent the nominal electrical conductivity
and volume fraction, respectively. F(np) and &, respectively,
reflect the influence of the aspect ratio p = L/d (L and d are
NW length and diameter respectively), and the probability of
percolation between the NWs.
The random walk model can be formulated as follows:

1 a
0= 0yay1 NV tanh(zx/ln a b)
b @)
Here oyh is the bare conductivity of an average conductive path,
and a and b stand for the vertical distance between random
walk steps and step length, respectively. a is a relative factor
associated with a finite reduction in conductivity. By combining
these two equations, we can reach a complete description of
any nanowire network/mesh, with an ability to predict the
percolation properties and also dependence of Rg on nanowire
film thickness which is subsequently related to the Topr via the
Beer—Lambert law. The solid curve in Figure 3 shows the
calculated values along with the experimental values for
different concentrations of AgNWs on both glass and PL
In addition to the excellent electro-optical properties and
smooth surface morphology, another advantage of the AgNW-
PI films is its superior durability under mechanical stress, an
essential property for making devices that is sometimes
overlooked. To examine the flexibility properties of the
developed TCs, both AgNW-PI and AgNW on PET were
subjected to tensile bending with different radii of curvature,
from 1 to 10 mm. Figure 4a shows the percentage change in Ry
(ARg/Rg) of the films after 10 bending cycles for each of the
decreasing radii of curvature. The AgNW-PI film showed
negligible increase in resistance for small radii of curvature
while this was more evident for AgNWs on PET film. More
specifically, for 1 mm radius of curvature the change in
resistance for AgNW-PI and AgNW-PET was about ~1.0% and
~2.8%, respectively. Note that the corresponding bending
strains (=t,/2r where t, is the substrate thickness and r is the
radius of curvature) are 0.6% and 12.5%, respectively. The small
thickness of the PI not only helps to reduce the overall weight
of the embedded TC but also exhibits much less bending strain
compared to thicker substrates for the same radius of curvature.
A similar test on commercially available ITO (100 nm) on PET
shows a >300% increase in Rg caused by its fragility and large
thickness. The robustness of the AgNW-PI was also confirmed
by the fact that it showed an Rg increase of ~3.7% after 1000
bending cycles with 1 mm radius of curvature (inset Figure 4a).
Under the same conditions, the AgNW on PET shows ~10%
increase while the ITO film has >500% increase only after 20
cycles. In addition, during the peeling off the film from the
glass/PET substrate, the AgNW-PI film undergoes severe
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Figure 4. (a) Changes in electrical sheet resistance (Rg) during
mechanical bending test, after 10 bending cycles as a function of radius
curvature for AQNW-PI, ITO, and AgNW both on PET. Inset picture
shows the performance of the AgNW-PI transparent conductive
substrate for fixed radius of curvature (1 mm) as a function of bending
cycles. (b) Evolution of sheet resistance of AGNW-PI and AgNW on
glass during damp heat (85 °C and 85% relative humidity).

bending, and its low Rg is another confirmation of extreme
robustness and excellent mechanical strength (see also
Supporting Information Figure S2 and movies M1 and M2).

Another critical aspect of pristine NW on glass/PET is their
adhesion to the substrate and, consequently, robustness to
mechanical handling. For pristine AgNW films, the connection
between NWs and their adhesion to substrate is primarily
driven by gravity, van der Waals forces, and capillary forces
from solvent (IPA) evaporation. Those forces cannot provide
high strength, as is also confirmed by the fact that typically
NWs can be easily removed by simply touching or finger
sliding. On the contrary, AgNW-PI films show extreme
mechanical strength to external mechanical manipulation,
including the scotch tape test under which they did not show
significant change in electro-optical properties.

The environmental and chemical stability of the AgNW-PI
film was also investigated. The films were kept in standard
damp heat conditions, at a temperature of 85 °C and relative
humidity of 85%, and their electro-optical properties were
periodically measured over 30 days (Figure 4b). The pristine
AgNW film showed the highest (S times) change in Rg, while
the AgNW-PI film exhibited much smaller changes (1.2 times),
indicating the expected protection of the PI matrix against
oxidation and water corrosion of the AgNWs. We have also
investigated the optical properties of the films during the damp
heat. The optical spectrum of AgNWs-PI showed little change
over a damp heat test period of 30 days while the bare AgNWs
on glass showed reduced transmittance (Figure S3, Supporting
Information). This behavior can be explained by the effective
protection provided by the PI against environmental oxidation
and corrosion of the NWs. The reduced transmittance of bare
AgNWs on glass is also characterized by a plasmonic behavior

at low wavelengths (300—370 nm) associated with the change
in material composition, from metallic Ag to its oxide/sulfide,
with this resulting in change of plasma frequency.

We demonstrated the functional potential of the proposed
AgNW-PI film by fabricating a transparent thin-film heater
(TTFH) based on the Joule’s heating effect. TTFHs can be
used for antifogging, anti-icing, and deicing of surfaces for
displays, vehicle headlamps, traffic lights, windows, camera
lenses, and touch-screens.>*™>* In this work, a TTFH was
realized using a AgNW-PI film (area of 2.5 cm X 2.4 cm). The
temperature was recorded for a given applied voltage during 60
s and then with voltage switched-off for additional 30 s. For a
given applied voltage, the increase in temperature was fast and
reached saturation (maximum temperature) after about 20 s.
The higher the voltage is, the higher the maximum temperature
(Figure S). The uniformity of the heating element was
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Figure S. Temperature profiles as a function of time for AGQNW-PI film
having sheet resistance equal to 15 Ohm/sq at different applied
voltages.

confirmed by measuring the temperature in different areas
after saturation is reached. The maximum temperature was also
recorded for different bending positions; the AgNW-PI film
showed no change in temperature with respect to the flat
configuration. This agrees with the measurements that showed
unchanged electrical sheet resistance after bending.

B CONCLUSIONS

In conclusion, we have developed a robust free-standing
ultrathin TC made of AgNWs embedded in a PI film.
Microscopy analysis showed that the PI fills the gaps in
between the NWs, thus reducing the surface roughness more
than 1 order of magnitude with respect to the AgNWs on a
substrate (without PI embedding). The thin PI film is more
transparent than a glass substrate, and the AgNW-PI structure
exhibits an optical transmittance larger than 90% when the
electrical sheet resistance is smaller than 15 ohm/sq. The
mechanical strength and chemical stability of PI film provides
support and protection to the NWs under bending and harsh
environmental (e.g, humidity and temperature) conditions,
making the combined structure very promising for flexible
electronic and optoelectronic devices.
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