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ABSTRACT
Near-infrared transparent electrodes constitute an essential component of light-emitting and photovoltaic devices widely employed in short-
and long-range communication, light detection and ranging, biodiagnostics, security, virtual and augmented reality, night vision, gas sensing,
and solar cells. However, the efficiency of all these devices and related applications suffers from significantly reduced transmittance of the
indium tin oxide electrode compared to the visible wavelength range. Here, we explore the potential of randomly and uniformly arranged
silver, gold, and aluminum nanopore and nanowire films for the near-infrared optoelectronics. We show that these metallic nanopatterned
layers, except for randomly arranged nanoporous configurations, exhibit considerably higher performance than the commonly used indium
tin oxide. Furthermore, silver layers possess higher transmittance and lower haze than gold and aluminum ones, while the nanowire con-
figuration overperforms the nanoporous one. The obtained results offer a means for deeper analysis of metallic nanopatterned transparent
electrodes for many near-infrared optoelectronic applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0044447

I. INTRODUCTION

Near-infrared (NIR) transparent electrodes possess a crucial
component of many current and future optoelectronic devices.
The NIR spectrum accounts for more than half (52%) of the
solar energy used in photovoltaics.1 NIR quantum dot-based light-
emitting diodes (NIR QLEDs) offer strong benefits for night vision,
optical communications, and biomedical applications.2,3 The opto-
electronic performance of all those NIR devices heavily relies on the
transparent electrode and is currently limited by the widely used
indium tin oxide (ITO) electrode.4 The transmittance of ITO signif-
icantly drops in the near-infrared (NIR) spectrum as the plasma fre-
quency of ITO occurs in NIR, which makes ITO transparent in the
visible spectrum but reflective in NIR.5 Patterning of ITO improves
the transmittance but also increases the sheet resistance and thus
limits an application area.6

Metallic nano- and micropatterned layers have shown them-
selves as a promising candidate for the next-generation transparent

electrode.7–11 In addition to excellent optoelectrical properties in the
visible spectrum, they benefit from flexibility,12–14 stretchability,15–17

and low fabrication cost.18–20 Moreover, recent results indicate that
silver nanowire (AgNW) layers possess high transmittance in NIR as
well.21

Here, we studied randomly and uniformly arranged
nanoporous and nanowire configurations of silver (Ag), gold
(Au), and aluminum (Al) layers to deeply investigate their trans-
mittance, haze, and sheet resistance in NIR and compare them to
ITO. We found that Ag, Au, and Al nanopatterned layers exhibit
significantly higher performance than ITO and are well suited as
transparent electrodes for many NIR applications.

II. METHODOLOGY
A. Experiments

AgNWs were synthesized at 160 ○C in an automated synthesis
chamber using the polyol process.22 Silver nitrate (AgNO3), ethylene
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FIG. 1. Geometrical models of the uniformly [(a) and (b)] and randomly [(c) and
(d)] arranged porous and wire metallic patterned layers on a substrate.

glycol (EG), copper chloride, and polyvinylpyrrolidone (PVP) were
used as starting materials, and the synthesis processes are detailed
elsewhere.23 The as-synthesized AgNWs were cleaned three times
in isopropanol (IPA) and then redispersed in deionized (DI) water.
AgNW ink was formulated at 3 mg/ml Ag concentration in DI
water. The AgNW ink was coated over a 150 mm-width polyethy-
lene terephthalate (PET) flexible substrate on a Coatema roll-to-roll
smart coater with a slot die at a coating speed of 0.2 m/min and
was dried at 150 ○C. AgNW loading density (LD) was controlled by
adjusting the ink feeding rate to the slot-die coater. The as-coated
films were cut into 5 × 5 cm2 samples for characterization. The
sheet resistance was measured using a Delcom Instruments bench-
top contactless probe. Optical measurements were performed using

the PerkinElmer Lambda 750S UV/Vis/NIR spectrophotometer for
the wavelength range of 800–2400 nm.

B. Simulations
Figure 1 shows the geometrical models of the uniformly and

randomly arranged porous and wire metallic nanopatterned layers
on a substrate. PET was used as the substrate material, and silver,
gold, and aluminum were used as the materials for metallic pat-
terned layers. Optical constants of PET were taken from Refs. 24
and 25. The thickness of nanopatterned layers was set to 30, 60, and
90 nm as they are the most used diameters for silver nanowires, and
their surface area was changed from minimum to maximum values,
i.e., when conductivity changed from near zero to the bulk value.

A commercial-grade simulator based on the finite-difference-
time-domain (FDTD) method was used to perform the optical cal-
culations.26 The refractive index and extinction coefficient of the
metals were taken from Ref. 27, and the glass refractive index was
set to 1.52. The incident light from 0.8 to 2.4 μm was illuminated
along the z-axis. The periodic boundary conditions and perfectly
matched layers were applied perpendicular and parallel to the z-axis,
respectively. The simulation unit cell area in the case of the ran-
dom arrangement was set to 10, 20, and 30 μm for 30, 60, and 90
nm thick nanopatterned layers, respectively, and it was set to a × a
and a ×√3a for the wire and porous uniformly arranged layers,
respectively, where a is the interwire or interpore distance. The sim-
ulation details for the transmittance, haze, and sheet resistance of
the configurations mentioned above are described in our previous
work.28–32

III. RESULTS AND DISCUSSION
The NIR spectrum is of interest for many applications such

as solar cells (around 50% of the solar radiation occurs in NIR),

FIG. 2. Transmittance of ITO (a), Ag pla-
nar (b), and AgNW (c). (d) SEM image of
AgNW (scale bar is 250 nm). The thick-
ness and sheet resistance are 200 nm
and 20 Ω/◻ for ITO, 60 nm and
0.26 Ω/◻ for Ag planar, and 60 nm and
20 Ω/◻ for AgNW.
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FIG. 3. Average transmittance and haze against the sheet resistance for the 60 nm thick uniformly and randomly arranged AgNP (a) and AgNW (b) layers.

night vision, optical communications, and biological and medical
sensors.2,3,33,34 The plasma frequency of ITO can be tuned through
different tin (Sn) doping concentrations in tin oxide (SnO2), which
is an electron donor. The maximum carrier concentration around
1021 can be achieved;35 further doping increases the sheet resistance
due to disorders in the indium oxide (In2O3) lattice, which enhances
phonon and ionized impurity scattering.36 The plasma frequency
of ITO occurs in NIR, making the transmittance above 80% in the
visible spectrum. Simultaneously, it significantly drops in NIR due
to increased reflectance and absorbance, as shown in Fig. 2(a). A
similar effect demonstrates the Ag planar layer in the visible spec-
trum, as the plasma frequency of Ag occurs in the ultraviolet range

[Fig. 2(b)]. It is important to note that Ag, Au, and Al planar layers
have around 104 lower sheet resistance than ITO, and thus, they can
be nanopatterned to outperform ITO. Figures 2(c) and 2(d) show
NIR transmittance and SEM image of the 60 nm thick Ag nanowire
layer (AgNW). AgNW transmits around 90% over the whole spec-
trum, while ITO transmittance drops from 85% to 35%, although the
sheet resistance is 20 Ω/◻ for both layers.

To investigate different configurations of the patterned layers,
we simulated the average transmittance and haze against the sheet
resistance for the 60 nm thick uniformly and randomly arranged Ag
nanoporous (AgNP) and AgNW layers, as shown in Fig. 3. The ran-
dom AgNP exhibits 45% transmittance at 10 Ω/◻, which is less than

FIG. 4. The simulated transmittance (a),
reflectance (b), haze (c), and sheet resis-
tance (d) for the 30, 60, and 90 nm thick
AgNW electrodes.
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FIG. 5. Transmittance and haze for Ag, Au, and Al uniformly arranged nanopatterned layers. The thickness for all layers is 60 nm.

ITO. Such a low-performance results from the minimum surface
area (i.e., when the conductivity is zero) of around 40% for ran-
domly arranged porous layers,37,38 limiting the transmittance. The
uniform AgNP with the hexagonal arrangement covers 9% mini-
mum surface area and hence reaches higher transmittance—80%
at 10 Ω/◻. Owing to the same reason, random AgNP exhibits 20%
haze at 10 Ω/◻, while the uniform one has 10%. Both uniform and
random AgNW reach 90% transmittance and 7% haze at 10 Ω/◻,
thereby outperforming the AgNP configuration as the minimum
surface area for AgNW approaches zero.

Figure 4 shows the simulated optoelectronic performance for
30, 60, and 90 nm thick AgNW electrodes. The surface area between
5% and 10% is needed to obtain the transmittance above 80% and
haze below 10% at 10 Ω/◻, which suits many applications. The sur-
face area above 10% significantly decreases the transmittance due
to the increased reflectance and haze. The thickening of AgNW
requires a reduction of the surface area to keep the aforementioned
performance. For instance, increasing the thickness of AgNW from
30 to 90 nm requires reducing the surface area from 10% to 5%
and increasing the interwire distance from 585 to 1705 nm. Further
thickening of AgNW commands even a larger interwire distance and
thus limits the application area.

Figure 5 compares the simulated average transmittance and
haze for 60 nm thick Ag, Au, and Al nanopatterned layers with the
uniform arrangement. Both AuNP and AuNW possess a similar
transmittance to Ag ones, but slightly lower conductivity, and as a
result, their transmittance and haze are 77% and 12% for the porous
configuration and 87% and 10% for the wire configuration at 10 Ω/◻.
AlNP and AlNW possess both lower transmittance and conductiv-
ity than Ag ones, and as a result, their transmittance and haze are
70% and 25% for the porous configuration and 80% and 20% for the
wire configuration at 10 Ω/◻. In summary, Ag, Au, and Al nanopat-
terned layers (with the exception of randomly arranged nanoporous
ones) exhibit significantly higher performance than ITO and are well
suited as transparent electrodes for many NIR applications.

IV. CONCLUSION
We investigated the randomly and uniformly arranged

nanoporous and nanowire configurations of Ag, Au, and Al

layers as NIR transparent electrodes. All those aforemen-
tioned metallic nanopatterned layers, except randomly arranged
nanoporous ones, exhibit considerably higher optoelectronic
performance than the commonly used ITO. The optical difference
between the nanoporous and nanowire configurations depends on
the minimum surface area, i.e., when conductivity approaches zero.
Moreover, the surface area between 5% and 10% is needed to obtain
the transmittance above 80% and haze below 10% at 10 Ω/◻, which
suits many NIR applications.
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