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1 Introduction

ABSTRACT

Contemporary nanostructured transparent electrodes for use in solar cells require
high transmittance and high conductivity, dictating nanostructures with high
aspect ratios. Optical haze is an equally important yet unstudied parameter in
transparent electrodes for solar cells that is also determined by the geometry of
the nanostructures that compose the electrode. In this work, the effect of the
silver nanowire diameter on the optical haze values in the visible spectrum was
investigated using films composed of wires with either small diameters (~60 nm)
or large diameters (~150 nm). Finite difference time domain (FDTD) simulations
and experimental transmittance data confirm that smaller diameter nanowires
form higher performing transparent conducting electrode (TCE) films according
to the current figure of merit. While maintaining near constant transmittance and
conductivity for each film, however, it was observed experimentally that films
composed of silver nanowires with larger diameters have a higher haze factor
than films with smaller diameters. This confirms the FDTD simulations of the
haze factor for single nanowires with similarly large and small diameters. This
is the first record of haze properties for Ag NWs that have been simulated or
experimentally measured, and also the first evidence that the current figure of
merit for TCEs is insufficient to evaluate their performance in solar cell devices.

in the circuit and also maintain a high transparency
in order to maximize the absorbed light in a solar

A transparent conducting electrode (TCE) acts as the
top contact in a solar cell stack and is an important
factor in determining the device efficiency. Optimal
transparent electrodes must maintain a high con-
ductivity in order to prevent ohmic dissipation of heat
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cell’s conversion layer. The most popular TCE materials
to date are conducting metal oxides, such as indium
tin oxide (ITO) [1]. ITO stands as the benchmark
material because of its high conductivity (10 (-sq.™)
and high transparency (90%) [2]; however, the high
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cost of indium, the inherent brittleness of its ceramic
structure, and its costly deposition technique render
ITO inapplicable to low cost manufacturing and flexible
solar modules [3]. Recent studies have suggested
carbon nanotubes (CNTs) [4-7], grapheme [8-10], and
metallic nanostructures [11-14] as compelling al-
ternatives to ITO. Despite the high conductivity of
individual metallic CNTs (~10° S-cm™') [15], the
resistivity of CNT junctions in a nanotube network [2]
and the bundling of nanotubes in a given CNT yield
cause the sheet resistance of metallic CNT transparent
electrodes at acceptable transparencies (80%—90%) to
be too high (200-1,000 (-sq.™) [16, 17] for conventional
use in solar cells. Graphene is a cheaper material than
both CNTs and ITO; however, it does not exhibit a
low enough resistance (~350 (2sq.”™) [18] at acceptable
transparencies (80%) for use in solar cells. Metallic
nanowires are another alternative that exhibits high
conductivity and optical transmittance in ordered and
random networks [19-22]. Silver nanowire (Ag NW)
TCEs are reported to compete with, and even surpass,
the electrical and optical properties of ITO TCEs
[11-13, 16, 22, 23]. Ag NW networks also benefit from
cost efficient and scalable deposition techniques such
as roll-to-roll printing [16], dry contact printing [12],
and drop cast deposition [21]. The Ag NWs most
pursued for TCEs exhibit a high aspect ratio [24]. Long
wires with small diameters are reported to sustain a
better electron percolation across the 2D network [7, 21]
and enhanced transparent properties due to reduced
coupling to surface plasmon resonances [13]. Therefore,
most efforts in developing adequate Ag NW networks
to replace ITO in TCEs aim at long wires with small
diameters to achieve the highest transparency at the
lowest sheet resistance.

The value of a TCE is quantified by a figure of
merit that incorporates its critical properties into a
single numerical relation. The figure of merit used for
solid films [25] and nanostructure networks [2, 32, 33]
reference the sheet resistance and the transparency
of the electrode as the primary properties of merit
affecting its function in a solar cell. Another critical
property of a TCE is its haze factor, which is not
currently considered in modern TCE designs [7, 26].
Haze refers to the degree of incident light scattered
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forward towards the absorber layer, which enhances
the path length of light and thus the short circuit
current density of the solar cell. The magnitude of the
light scattering in nanowire mesh TCEs is reported
to be correlated with the geometry of the wire, in
particular the diameter [13, 26]. While most reports
indicate that large aspect ratios achieved by wires with
small diameters and long lengths best optimize the
performance of Ag NW TCEs, larger diameter wires
have larger scattering cross-sections. To our knowledge
this is the first study that elucidates the significance of
haze in evaluating nanostructured TCE performance in
solar cells, and calls into question the contemporary
figure of merit for such TCEs. In this report, (1) the haze
factor of small and large diameter individual Ag NWs
was calculated and compared using finite difference
time domain (FDTD) simulations, (2) the contemporary
TCE figures of merit were compared for small and
large diameter Ag NW TCE films, and (3) the haze
factor of small and large diameter Ag NW TCE films
with comparable sheet resistance and transparencies
was experimentally measured and compared.

2 Results and discussion
2.1 Optical properties of silver nanowires—Theory

The scattering of individual nanowires is a logical
starting point to launch further investigations into
the light scattering of Ag NW TCEs. The scattering
cross-section of individual cylindrical nanowires may
be quantified through the theory proposed [27, 28]
by Mie et al. Investigations into the scattering cross-
sections of nanowires depicted by elliptical cylinders
[29] and arbitrary cross-sections [30] have also been
investigated. However, for more general cases it is
often advantageous to solve Maxwell’s equations
numerically on a grid using FDTD simulations. This
simulation method has been shown to be useful for
investigating the optical transmittance properties of
silver nanostructure transparent electrodes [13, 31]. The
present work investigates the haze factor of Ag NWs
with relatively large and small diameters theoretically
through their scattering behavior projected by FDTD
simulations (Fig. 1).
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Figure 1 Schematic of the 2D simulation setup used to calculate
the light scattering behavior at normal incidence from a single
silver nanowire with a radius of R. The center of the nanowire
is the origin of the axes. The green box represents a total field
scattered field (TFSF) source with a length of 500 nm in the
x-direction. The length is chosen according to the average spacing
between Ag NWs as calculated from SEM images.

2.1.1 Evaluating haze factor

A cylindrical Ag NW with a large aspect ratio rests
on a semi-infinite dielectric plane. A plane wave with
either a TE or TM polarization (as defined in the inset)
is incident on the nanowire from above and is
perpendicular to the plane of the substrate. Monitors
are put outside the total field scattered field source
(the green box in Fig. 1) to detect the scattered power
flux (Poynting vector) in order to get the forward
scattered power (i.e., power that resides within an
angle of 90° from the z-axis). The scattering cross-
section is calculated to obtain the fraction of the
forward propagating light that is not scattered. The
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haze is defined as

Haze =
Forward scattered light
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Forward nonscattered light + Forward scattered light

2.1.2  Comparing haze factor to optical transmittance

The transmission, or percentage of incident light
entered into the substrate, and haze factor for two Ag
NWs diameters were simulated and compared in
Fig. 2. The transmittance of the larger diameter
nanowires is less than that of the smaller diameter
nanowires by <30% according to the average of the
TM and TE polarization modes; however both large
and small diameter transparencies are suitable for
TCE utilization. Previous studies of the resistivity of
individual silver nanowires [34] have shown that the
conductivity does not vary between silver nanowires
with these two diameters. Projecting these nanowire
properties to a nanomesh film composed of each
nanowire diameter, and referring to the current figure
of merit that evaluates the performance of a TCE
based on its electrical and transparent properties, the
smaller diameter nanowires are more suitable for
TCEs. The fact that optical haze is not considered
when determining the performance of TCEs makes this
conclusion flawed. Further analysis of the scattered
field intensity with regards to the scattering angle from
the silver nanowires shown in Fig.3 demonstrates
that for both TE and TM polarizations not only do
the highest field intensities propagate forward rather
than reflect backward, but relatively high intensities
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Figure 2 Simulation of (a) transmission and (b) haze factor of Ag NWs with different diameters (60 nm and 150 nm).
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Figure 3 Simulation of the normalized scattered field intensity versus scattering angle from the axis normal to the silver nanowire with

diffuse scattering represented by acute angles (0°-90° and 270°-360°) and backscattering represented by obtuse angles (90°-270°) for

(a) TE polarization and (b) TM polarization and (c) average of TE and TM for 60 nm and 150 nm diameter silver nanowires. (a) and (b)

are in log scale and (c) is in linear scale for clarity.

are measured for a range of forward angles (0°-90°).
Because the forward scattered fields are not restricted
to negligibly small angles, but expand to larger forward
angles as well, the impact of diffuse scattered light
must be addressed.

It is also clear from the simulations shown in Fig. 2
that the fraction of forward scattered light from forward
propagated light increases as the nanowire diameter
increases. At a wavelength of 500 nm, the haze factor
is 40% higher for the larger diameter (150 nm) Ag NW,
with the haze factor almost entirely disappearing just
beyond the visible spectra for small diameters. If the
transparency and sheet resistance of separate nanomesh
films composed of small and large diameter Ag NW
networks remain the same due to different wire
concentrations, the greater haze factor for the larger
diameter Ag NWs implies that TCEs that incorporate
these nanowires greatly increase the path length in
the conversion layer compared with devices that use
TCEs with small diameter nanowires.

2.2 Optical measurements for silver nanowire
transparent electrodes

In order to confirm that larger diameter nanowires
may indeed form better performing nanomesh TCEs,
films with equal transparencies and conductivities were
fabricated from large and small diameter nanowire
dispersions by controlling the concentrations of the
nanowire dispersions before filtration. Large diameter
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Ag NWs dispersed in ethanol were purchased com-
mercially. Small diameter Ag NWs were synthesized
using a slow titration method [23, 35]. The SEM images
in Figs.4(a) and 4(b) show an average radius of
60-70 nm and length of ~25 um. The average diameter
of the larger Ag NWs is ~150 nm and the average
length is ~20 um according to Figs. 4(c) and 4(d). It is
clear from these images that there is high uniformity
in length and diameter for both Ag NW dispersions,
and there is minimal presence of nanoparticles in
the films that may alter its sheet resistance. Ag NW
films were transferred onto polydimethylsiloxane
(PDMS) substrates via a vacuum filtration of dispersed
nanowire dispersions on anodic aluminum oxide
(AAO) filters. The sheet resistance of the Ag NW
films was measured with a four-point probe, and the
transmittance data was measured with a Lambda
35 UV/vis spectrometer. Films with various densities
composed of either small or large Ag NW diameters are
illustrated in Fig. 5, which displays the transmittance
of the films or their transparency versus sheet resistance.

2.2.1 Evaluating the contemporary figure of merit

By altering the concentration of nanowires in each film,
the distribution of Ag NW TCE films demonstrated
in Figs. 5(a) and 5(b) was achieved. The relationship
between the transmittance and sheet resistance for
each TCE type (relatively small diameter and large
diameter) was compared with the contemporary
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Figure 4 SEM images of Ag NWs: (a) percolation network of the film with small diameters; (b) display of small Ag NW diameters with
little deviation, the diameters are as small as ~60 nm; (c) percolation network of film with large diameters; (d) display of large Ag NW
diameters with little deviation, with an average of ~150 nm.
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Figure S (a) The transmittance spectrum for the various films formed from vacuum filtration of Ag NW dispersions with large diameters

(~150 nm). (b) The transmittance spectrum for the various films formed from vacuum filtration of Ag NW dispersions with small
diameters (~60 nm).

figure of merit model [2, 7] for transparent electrodes ~ and R, representing the sheet resistance of the film.

composed of nanostructured films with a thickness = According to the figure of merit model in Eq. (2), the

below the percolation limit: films with small diameters exhibit a better performance

(larger o values) than those with the larger diameters

188.5 Optical N Opc ¢ 5 due to the higher film transparencies, despite higher

J - O optical —oem @ nanowire concentrations that enable high conductivity.

The present figure of merit model therefore suggests

with o, representing the DC conductivity of the bulk  that smaller diameter nanowires with comparable
material, o, representing the optical conductivity,  lengths are better for use in transparent electrodes.

T%=(l+

s Opc
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2.2.2  Comparing haze factor to figure of merit

Although electrode transparency and conductivity
are important characteristics in high performance
TCEs, the haze factor in a TCE of a solar cell is a
critical contributor to the efficiency of the cell. Larger
haze values correspond to increased scattering and
hence an increased optical path length. The increased
path length is of critical importance to thin-film
devices where light trapping structures are needed to
improve light absorption. To isolate the difference in
haze factor in TCE films composed of relative small
and large diameter Ag NWs, two separate vacuum-
filtered thin film Ag NW samples were created from
nanowire dispersions of small and large diameters. By
altering the concentration of the nanowire dispersions,
the transparency and sheet resistance for each film was
controlled so as to achieve near equal values for relative
small and large diameter Ag NW films. The haze factor
of these films was measured by an integrating sphere
setup, and is calculated as

Haze% = E—E

TT ®)

The degree of forward scattering of the transmitted
light by each film T, is divided by the total transmitted
light through each film T, and then corrected for
equipment bias T;/T;. The haze was calculated and
compared for films of each diameter size in order to
confirm which nanowire size best enhances forward
scattering. The diameter rather than the length of the
wires is the primary contributor to any differences
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between them, because the nanowire length is appro-
ximately the same on average for both Ag NW
dispersions.

The comparison of the transmittance curves and
sheet resistance for films composed of relatively small
and large diameters is given in Fig. 6. The transmittance
curves of small diameter and large diameter Ag NW
TCE films are nearly identical (the average deviation
is 5.5%) as are the sheet resistances. According to
current figure of merit models for TCE performance,
these two Ag NW TCE films have nearly equal
performances due to the similar transparency and
conductivity characteristics. The haze factors of the
films, however, are twice as large for the large dia-
meter Ag NW TCE films as for the small diameter films.
Despite nearly equal transparency and conductivity
of the two film types, the TCE films consisting of Ag
NWs with larger diameters prove to be better for solar
cells due to their larger haze values. This observation
opposes the generally accepted idea that increasing
the aspect ratio by shrinking the nanowire diameters
will produce a higher performing TCE in applications
where a larger haze factor is preferred.

3 Conclusions

This study provides the first theoretical and experi-
mental study of haze properties for Ag NWs, and
also the first evidence that the current figure of merit
for TCEs is insufficient to evaluate the performance
of TCEs used in solar cell applications. According to
the current models, transparency and conductivity
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Figure 6 (a) Comparison of experimental transmittance data for a small diameter (~60 nm) Ag NW TCE film with R, = 45 ()/sq. and a
large diameter (~150 nm) Ag NW TCE film with R, = 35 ()/sq. (b) Haze factor comparison between the same small diameter and large

diameter Ag NW TCE films.
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are the only properties significantly affecting the TCE
performance. Although these properties are certainly
important, haze factor is a critical property in TCEs for
solar cells. This study demonstrates that the impact of
haze factor is overlooked in films that contemporary
figure of merit models would deem identical, and
that the haze factor must be an independent variable
to be included in new figure of merit formulas.

4 Experimental

Ag NW synthesis: Large diameter Ag NWs dispersed
in ethanol were purchased commercially. Small
diameter Ag NWs were synthesized by a slow
titration method [23, 35]. In a typical synthesis, a
mixture of 0.668 g of Polyvinylpropyline (PVP) and
0.022 g of KBr in 20 mL of ethylene glycol was heated
to 170 °C for 20-30 min. The silver seeds were then
introduced to the solution by adding 0.050 g of silver
chloride (AgCl) into the solution. This was followed
by a slow titration of the growth solution (0.220 g of
silver nitrate (AgNQO;) in 10 mL of ethylene glycol) for
12-15 min. The titration of the AgNO; progressively
stacks Ag* ions onto the silver seeds, while the PVP
restricts this stacking to anisotropic growth of a 1D
nanowire, and the KBr salt precursor moderates the
wire diameter to ensure long thin nanowires. The
solution was maintained at 170 °C for an additional
30 min to complete the nanowire growth. The dis-
persion was then centrifuged three times with methanol
at 6,000 rpm for 30 min each time to extract the nano-
wires from the dispersion.

TEM characterization: All TEM and HRTEM images
were taken with a JEOL 2100F field emission trans-
mission electron microscope (FE-TEM).

Thin film TCE fabrication: Transparent and con-
ductive films were formed at room temperature from
Ag NW dispersions with small diameters or large
diameters through a vacuum filtration onto Anopore
AAOQ substrates purchased from Anodisc. The filtered
film was then transferred to a transparent PDMS
substrate by pressing the PDMS against the filtered
film, and then peeling the film off the AAO. Sheet
resistance measurements were made with a four-point
probe on the Ag NW films on PDMS.

Optical measurements: Optical haze and transmittance
measurements of the Ag NW films transferred to PDMS
substrates were recorded with a PerkinElmer Lambda
35 UV-vis spectrometer.

FDTD simulations: All FDTD simulations were
designed and executed with Lumerical Solutions, Inc.
software.
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