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We report a comprehensive study on the optical and electronic
properties of hierarchical metal nanomesh (NM)/microgrid (MG)
structures to determine their performance as transparent conductors
(TCs). The NM helps deliver or collect carriers locally while the lower
resistance MG transports carriers over larger distances. The structures
exhibit high uniformity of optical and electronic properties. Hierar-
chical Ag NM/Ag MG structures demonstrate 83% diffusive trans-
mission at a sheet resistance of 0.7 Q per square when fabricated
directly on quartz and 81% at 0.7 Q per square when fabricated directly
on flexible plastic. The direct current to optical conductivity ratios
04c/oop Of these structures are 2900 and 2300, respectively. This
corresponds to over an order of magnitude reduction in sheet resis-
tance with a negligible to slight reduction in transmission compared to
NMs. The haze factor of these structures may be tuned by modifying
the NM hole diameter. Furthermore, the hierarchical structures exhibit
good durability under bending and heating.

1 Introduction

Transparent conductors (TCs) are important as the top elec-
trode for a variety of optoelectronic devices, including solar
cells, flat panel displays, touch screens, and light-emitting
diodes. Currently, indium tin oxide (ITO) films are the most
commonly used TC structures," because of their high optical
transparency and low electrical resistivity. High quality ITO
films have sheet resistance values R of about 10 Q per square
(sq) at transmission T = 85%.> However, ITO is increasingly
expensive, because indium is a rare metal with rising cost* and
ITO is commercially deposited by dc magnetron sputtering,
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which has higher cost than chemical vapor deposition (CVD) or
vacuum evaporation.* Furthermore, ITO is a brittle material and
the processing includes annealing at elevated temperature,
making it a poor candidate for emerging flexible electronics.

A variety of nanostructured materials have emerged as
potential substitutes for ITO and other doped metal oxides,
such as percolation networks of metal nanowires (NWs)>® or
carbon nanotubes,” metal nanomeshes (NMs),* nanoparticle
wire arrays,” graphene-based materials,>'>* and hybrid struc-
tures.”»** Percolation network films fabricated by solution-
based methods and vacuum filtration”"* have demonstrated
comparable optical transmission and sheet resistance to ITO
films.>*>"7 However, it is desirable to further reduce R to
minimize the Joule loss in current-driven devices.'®

For percolation network films, Ry is inherently limited by
contact resistance™ and percolation effects.*® A variety of post-
treatment methods, such as thermal annealing,"” plasmonic
welding,** and chemical linking®* have been studied to reduce the
wire-wire contact resistance without much loss in transparency.
Metal NW films with larger NW diameters and pitches tend to
have better TC performance.”* However, a large separation
between NWs will result in poor localized conductivity and thus,
poor uniform carrier collection or delivery. This is especially a
problem for organic optoelectronic devices, which have short
exciton diffusion lengths.”® Moreover, the percolation effects will
be more pronounced due to the sparseness and the randomness
of the networks. Conductive polymers have been used to relieve
the percolation effect and achieve a smooth surface.>**”

Recently, hierarchical structures have been demonstrated for
TCs with very low sheet resistance and excellent trans-
parency.>'® For example, random Ag NW films have recently
been combined with mesoscale wires (widths from 1 to 5 pm) to
demonstrate T = 92% at R; = 0.36 Q per sq or a 04./d,, Of over
12 000." The ratio of dc conductivity to optical conductivity
04c/0op is @ commonly used figure of merit (FoM) for TCs.*®
However, these structures suffer from some of the same contact
resistance issues of random NW films and for example, must be
annealed at 200 °C for 40 minutes to fuse the different length
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scale wires. The randomness of the structure may also result in
less uniform sheet resistance and optical properties over micron
length scales. We have also recently demonstrated a hierarchical
structure that integrates high quality graphene grown by CVD
with a metal grid to achieve T'= 94% at R, = 0.6 Q per sq or a o4,/
0op Of almost 9000."

In this paper, we conducted both simulations and experi-
ments to investigate the performance of hierarchical Ag nano-
mesh (NM)/Ag microgrid (MG) structures as TCs. The
hierarchical structure exhibits diffusive transmission T'= 83% at
Rs = 0.7 Q per sq or 04./0,p = 2900 when fabricated on a quartz
substrate and T = 81% at R; = 0.7 Q per sq Or dq./0op = 2300
when fabricated on a polyethylene terephthalate (PET) substrate.
In contrast, Ag NMs fabricated on quartz exhibit 7= 83% at Ry =
13 Q per sq or 04./0,p = 140. The sheet resistance of the NM may
be decreased by over an order of magnitude with only a slight
decrease in transmission by integration with the MG. The hier-
archical structures also exhibit more uniform resistance and
optical properties on the microscale compared with random
networks of nanowires. We demonstrate the tunability of haze
factor in our NM/MG structures, which is important for various
optoelectronic applications. In addition, we performed dura-
bility experiments to assess the performance of the Ag NM/MG
under various bending and heating conditions.

2 Results and discussion

Fig. 1(a) shows a schematic of the hierarchical NM/MG struc-
ture. The Ag NM consists of a hexagonal array of holes in a Ag

-0.1 um

Fig. 1 (a) Schematic of the hierarchical Ag NM/MG structure and
various geometric parameters that define its morphology. (b) SEM
images of Ag NM/MG structure at different magnifications. (c) AFM
images of Ag NM/MG structure for (i) height profile and (ii) 3D topog-
raphy. The geometric parameters are aym = 2000 nm, wym = 100 nm,
tam = 30 nm, and apg = 500 um, wpg = 10 um, and tyg = 1 um.
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thin film. The primitive lattice vectors are a; and a, with

—

.
a ay | = anm. The NM is fabricated using a microsphere

lithography approach, which we have previously reported for
Cu.® A 50 nm thick SiO, film is coated on PET substrates to
protect the substrate from being etched in the reactive ion
etching (RIE) process. The method is scalable and has been
demonstrated on 1 m” glass substrates.? Specific control over
the various NM geometric parameters, pitch any, thickness iy,
and width wyy, may be accomplished through variation in the
self-assembly of microspheres or nanospheres,* etching time,
and metal evaporation time. The geometric parameters for the
MG include the pitch ayg, width wyg, and thickness ¢yg. The
Ag MG is fabricated by photolithography with lift-off metal
patterning. Please refer to ESIt for details. Fig. 1(b) shows
representative scanning electron microscope (SEM) images of
the Ag NM/MG structure with any = 2000 nm, wyy = 100 nm,
and &y = 30 nm, and ayg = 500 pm, Wy = 10 um, and tyg = 1
pm. The high uniformity and long-range order of the structure
is apparent in the images, where these qualities address the
percolation and contact resistance issues of random nanowire
networks or disordered structures. Fig. 1(c) shows atomic force
microscope (AFM) images of the structure. Smooth Ag surfaces
for both MG and NM are observed in the height profile and the
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Fig. 2 (a) Transmission versus sheet resistance for TCs. Our Ag
NM/MG data is shown in shades of blue and NM data is shown in
shades of green at A = 550 nm. Data for Cu NMs on quartz and PET
substrates® and simulated ITO thin films* is also shown. (b) FOM versus
sheet resistance for the same data.
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3D topography. The color bar in Fig. 1(c)(i) is intentionally set to
start from —0.1 um to improve the contrast.

Fig. 2(a) plots the relationship between diffusive trans-
mission and sheet resistance for the hierarchical NM/MG
structures along with various other TCs in the literature. The
data for Ag NM/MG structures are plotted with various shades of
blue for simulations and experiments on quartz and PET
substrates. Experimentally fabricated Ag NM data on quartz and
PET substrates are plotted with different shades of green. Our
transmission data are plotted at the wavelength A = 550 nm,
which is near the middle of the visible spectrum. The effect of
the substrates has been excluded. For comparison purposes, we
plot simulation data for ITO thin films* as well as our previ-
ously reported Cu NMs on quartz and PET substrates.®

Ag NMs exhibit comparable performance to ITO thin films
and Cu NMs. The Ag NMs exhibit similar performance to Cu
NMs because the transmission properties at the length scales
involved are primarily independent of the material, and the
resistivity of Ag is close to that of Cu.>*** The Ag NMs fabricated
on rigid quartz performs slightly better than that fabricated on
PET due to the better uniformity and ordering of the structure.®
The R; of the Ag NMs is between 13 and 21 Q per sq with about
83% transmission on quartz, and on PET, R, is between 16 and
20 Q per sq with a transmission between 81% and 83%. By
integrating the Ag NM with the MG, the sheet resistance may be
decreased substantially by over an order of magnitude without
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significant decrease in transmission. The R of the hierarchical
Ag NM/MG on quartz is between 0.4 and 0.7 Q per sq with a
transmission between 74% and 83% and on PET is between 0.6
and 0.7 Q per sq with a transmission between 77% and 81%.
Our data demonstrates that Ag NM/MG samples fabricated on
quartz substrates or PET substrates exhibit superior perfor-
mance to ITO films. The FoM o4./0,, can be represented in

-2
terms of Tand Ry by T = (1 —+ k23 @) , where Z, = 377 Q is
2Rs 04c

the free space impedance. The Ag NM has a 04./0,;, of between
80 and 140. However, typical industry requirements are o4c/0qp
= 350.% Fig. 2(b) plots the FoM ¢4/, of these TCs versus sheet
resistance. By integrating the NM with the MG, we can improve
04c/0,p drastically to over 2000.

Fig. 3(a) plots both the simulated and experimentally
measured (on quartz) diffusive transmission spectrum for the
hierarchical structure with axy = 2000 nm, wyy = 100 nm,
tam = 30 N, apg = 200 um, Wy g = 5 um, and ty;g = 1 um. The
simulated and experimental transmission spectra are reason-
ably close to each other, where the minor differences can be
accounted for by statistical variations and imperfections in the
fabricated structure. The simulated R, for this geometry is 0.67
Q per sq while the measured Rs was 0.70 Q per sq. The haze

- Tspec

T . .
factor, defined as , is an important property for trans-

parent conductors, where T is the diffusive transmission and
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(a) Diffusive transmission spectrum for Ag NM/MG with aym = 2000 nm, wym = 100 nm, tym = 30 nm, amg = 200 pm, wyg = 5 pm, and

tmc = 1 um obtained by simulation and experiment. (b) Haze factor as a function of sheet resistance for experimental and simulated samples with
ama = 500 pm, wpg =5 um, tug =1 um, aym = 2000 nm, tym = 20 nm, and various wym. () Diffusive transmission and specular transmission as a
function of sheet resistance at A = 550 nm for Ag NM/MG with different extends of haziness using (i) simulation and (ii) experiment. wym is varied
from 200 to 50 nm in simulation to match the experimental geometry and is labelled accordingly. wym = O corresponds to that the sheet

resistance is only contributed by Ag MG.
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Tspec is the specular transmission.*® The haze factor of the
hierarchical metal NM/MG transparent conductors is tunable
by changing the geometric parameters and materials. The haze
factor is mostly determined by diffraction and scattering from
the NM, because its dimensions are of the same magnitude as
the wavelength of incident light. The MG only introduces a
geometric shadow because its features are larger than the
wavelengths involved. We investigated the haze factor for
Ag NM/MGs with geometric parameters ayg = 500 pm, Wy =
5 um, tpyg = 1 um, agy = 2000 nm, tyy = 20 nm, and various
Wy using both simulation and experiments. Fig. 3(c) shows (i)
the simulated and (ii) the experimentally measured diffusive
and specular transmission versus sheet resistance for Ag
NM/MGs on quartz. In the simulation, wyy ranges from 50 nm
to 200 nm to match the experimental geometry. The haze factor
of experimentally fabricated Ag NM/MGs demonstrate the same
overall trends as the simulated data, but the haze factor is higher
than the simulation results due to imperfections in the surfaces
and NM periodicity. The simulated haze factor increases from
8% to 15% as wyy increases from 50 nm to 200 nm, while R
decreases from 1.6 to 1.4 Q per sq. The haze factor in the
fabricated samples increases from 17% to 26%, while R
decreases from 2.0 to 1.4 Q per sq correspondingly. The haze
factor of the NM/MG can be tuned while maintaining a low sheet
resistance because the overall conductance of the NM/MG is
primarily due to the MG. As the NM width increases, the hole
diameter decreases and the Airy pattern from Fraunhofer
diffraction broadens.** This results in a higher fraction of
photons transmitted at nonnormal angles. The tunability of haze
factor is important for solar cells because a high haze factor is
desirable for increasing the coupling of light into the absorber.

Lastly, various durability tests were performed to evaluate
the robustness of the Ag NM/MG in applications. Fig. 4(a) shows
the variation in the resistance of two Ag NM/MG samples on
PET substrates after both bending in compression and tension.
Two Au contacts were deposited on the samples using an
e-beam evaporator, and the resistance between the two contacts
was monitored after bending. The samples were bent around a
steel rod with 1 cm diameter with the structure toward and away
from the rod for compression and tension tests, respectively.
The samples for both bending tests have a geometry of axy =
2000 nm, and Wy = 100 nm, e = 30 M, ayg = 500 pm, Wyg
=10 pm, and ¢y = 1 pm. The original resistance of the samples
prepared for the tension and compression tests are 4.3 Q per sq
and 4.0 Q per sq, respectively. After 200 cycles of bending, the
resistance of the samples are 6.1 Q per sq and 5.3 Q per sq,
corresponding to a 39.5% and 32.5% increase, respectively. The
degradation of the sample is mainly due to the delamination of
the Ag MG from the SiO, coated PET substrate, as shown in
Fig. 4(b)(i). The Ag NM, which is more resilient under bending,®
is mostly intact after the bending test, as shown in Fig. 4(b)(ii).
In locations where the MG has delaminated, the underlying NM
is also removed, suggesting a strong mechanical connection
between the two metal layers.

Fig. 4(c) shows the change in resistance of a Ag NM/MG on
PET substrate after the heating test. The sample morphology is
anm = 2000 nm, wyy = 150 nm, iy = 30 nm, apg = 500 pm,
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Fig. 4 Durability tests for Ag NM/MG on PET substrates. (a) Resistance
change versus number of bends for Ag NM/MG on PET substrates. The
bending curvature is 0.5 cm. (b) SEM image for the sample after
bending test. (c) Resistance change versus heating time for Ag NM/MG
on PET substrate heated at 65 °C in air.

Wy = 10 pm, and 4y = 1 pm. After continuous heating for 168
hours (h) on a hot plate at 65 °C, the resistance of the sample
changed from 2.0 to 2.7 Q per sq, increasing by 35%. Ag is prone
to oxidation and passivation of the sample may help reduce sheet
resistance degradation, especially at higher temperatures.*

3 Conclusions

In conclusion, we reported both simulations and experiments
on the optical and electrical properties hierarchical Ag NM/MG
structures for TCs. Simulations compare reasonably to experi-
mental results and can be used to guide the design of the
hierarchical structures. Experimentally, we demonstrate a
scalable method to fabricate Ag NM/MG on both rigid quartz
substrates and flexible PET substrates. The samples demon-
strate good uniformity and ordering, with superior performance
to ITO. The haze factor of the hierarchical structure for TCs can
be tuned to suit the requirements for different applications.
Durability tests demonstrate that the hierarchical structures are
not significantly sensitive to bending and heating.
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