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ABSTRACT: Simultaneously increasing electric conductance and optical transmission 5 [
represents a key challenge for developing a high-quality transparent metallic film (TMF). '.NH.‘ &%” gﬁif;ﬂiﬁi
Using nanosphere lithography and oblique angle deposition, we show that large-area silver @ @ @ NBEM:"’

nanograting (NG) on nanohole (NH) structures can meet this challenge. The fabricated l..1-;§: ' :
NG—NH hybrid structure exhibits an excellent sheet resistance as low as 4.53 €/sq, an & e
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optical transmission of 75.4% from visible to near-infrared, and a high Haacke number up to
13.1, which is superior to that of previously reported metal NH networks or TMFs. Both the
electric conductance and optical transparency are anisotropic and can be tuned by the NH
diameter, lattice spacing, and the polarization of incident light. In particular, the transparency
wavelength bands for different polarized lights are significantly different, which can be used
for dual functionalities. The anisotropic electronic property is explained by a two-dimensional or TEaae
resistor network model, and the observed optical responses match well with the results from O 1\'\%:'\“'“55:;«:7 0
finite-difference time-domain calculations.
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KEYWORDS: nanograting, nanohole, extraordinary optical transmission, tunable transmission, tunable conductivity,
transparent conductive films

1. INTRODUCTION Even though the NH TMFs have attracted a lot of attention,
they also have two notable shortcomings. First, the NH TMFs
have a relatively small transparency spectral window (see Table
1) due to the reflective losses, the finite perforation fraction
(PF=1—A,/Ay where A, is the total area of the film and A,
is the metal covered area), and Wood’s anomaly (where the
light could not be transmitted due to the light diffraction
parallel to the structure surface).”” It has been discovered that
the transmittance and spectral width can be improved by
increasing the PF or decreasing the film thickness (to be less
than 10 nm)."”*' However, the thickness of the NH film and
the width of the NH network determine the conductance of
the TMFs. It is well known that thicker films and larger width
of the network provide a larger metal cross-sectional area, thus
significantly increasing the conductance of the TMFs.
However, such a change is contradictory to the requirements
for higher transparency, which refers to lower film thickness
and smaller network width (ie., larger PF).

Clearly, to just tune the conventional NH parameters such
as hole diameter and period as well as film thickness is not

Recently there have been increasing interests in designing
innovative transparent metallic films (TMFs) for flexible
optoelectronic devices because of their inherently high
electrical conductivity, optical transparency, mechanical
robustness, and cost-competitiveness.”” TMFs are perforated
thin metallic networks with a low filling ratio that allows light
to transmit through.” So far, metallic nanostructure arrays,
including nanowires,” > nanogratings (NGs) ,>° and nanoholes
(NHs),”™ " have been reported as promising TMFs. Metallic
nanowire TMFs usually show a relatively low conductivity
(sheet resistance >10 Q/sq)>>'"'* due to the high wire-to-
wire junction resistances. The NGs can only be used for one-
directional conduction and transmission.’ However, the
metallic NH array shows high conductance due to the highly
connected metal mesh structure® and good optical trans-
mission resulting from the extraordinary optical transmission
(EOT) effect." Table 1 summarizes the performance of NH-
based TMFs reported in the literature. These NHs have been
used in various wavelength regions for different applications,
including the ultraviolet region for nonlinear optics,14 the
visible region for touchscreen displays,'”"*'® the near-infrared
(NIR) region for medical applications,'” the terahertz region
for imaging,18 and so on. The fabrication of NHs with
adjustable structure 7parameters can be achieved by nanosphere
lithography (NSL).”"" It is inexpensive and can achieve wafer-
scale production with a large variety of conducting materials.
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Table 1. Average Transmittance and Sheet Resistance for Several NH Array-Based Transparent Conducting Electrodes”

NH array thickness (nm) PF sheet resistance
Ag NH array S0 0.65 6.1 Q/sq
10 0.7 35 Q/sq
Au NH array - - 6.2 Q/sq
40 0.73 104.5 Q/sq
40 0.62 16.5 Q/sq
Cu NH array S0 0.42 3 Q/sq
8 043 163 Q/sq
TiO,/Au/TiO, NH array 9/12/9 0.58 70 Q/sq
Ag NH array 50 0.60 4.52 Q/sq
S0 0.59 3.62 Q/sq
Ag NGonNH 50 0.55 4.53 Q/sq
50 0.55 3.07 Q/sq

average transmittance FOM @y refs
62.1% (300—1200 nm) 14 8
~85% (425—800 nm) 5.6 10
65% (300—1200 nm) 22 8
89% (550 nm) 3.0 30
65% (550 nm) 0.8
~50% (400—2000 nm) 03 3
56.9% (450—800 nm) 67.4% (1.09 THz) 0.2 18
~78% (400—900 nm) 12 16
64.9% (1000—2500 nm) 2.9 this work
51.8% (1000—2500 nm) 04
75.4% (1000—2500 nm) 13.1
65.0% (1000—2500 nm) 44

“The “Haacke” number or FOM @y, is calculated based on the average nonpolarized transmittance in the wavelength region shown in the brackets.
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Figure 1. Fabrication scheme: (a) monolayer of PSNS with a diameter of L = 500 or 750 nm was formed on a clean glass slide. (b) Monolayer was
O, plasma-etched to a smaller diameter D. (c) Ti thin film (3 nm thick) was deposited at & = 0° followed by (d): © 10 nm of Ag NG layer
deposition at € = 53° and @ 10 nm Ag NH layer deposition at § = 0°. Both @ and @ steps were repeated five times to form a 50 nm NGonNH
layer. (e) Predicted NGonNH structure by an in-house MATLAB program after removing the PSNS layer by Scotch tape. ¢ is defined as the angle
formed by the projection of the incident vapor (white arrow) on the substrate and an imaginary line that passes through centers of one row of

PSNS (white dashed line).

adequate to significantly improve the performance of NH
TMFs. Thus, alternative strategies should be investigated. For
example, multilayer transparent conductive oxide (TCO) and
metal NH (TCO/metal NH/TCO) structures have been
investigated to simultaneously improve the optical trans-
parency and electrical properties.'®** However, the fabrication
strategy is rather complicated, but the performance is not
significantly improved. Recent studies have shown that when
NH changes to compound nanostructures, such as nano-
particle in NHs,”>™** nanodisk in NHs,24_26 and nanorods in
NHs, the EOT-related property can be tuned significantly due
to the plasmonic coupling effect or hybridization.””~* We
have hypothesized that if the nanostructure is selected
appropriately, the conductance of the compound structure
(i.e, NH + another nanostructure) could also be improved
along with the tuned optical properties.

In this work, we address the contradiction of transparency
and conductivity of metallic nanostructures by overlapping NH
with NG. NSL and oblique angle deposition (OAD) were used
to fabricate large-area silver NG on NH (NGonNH)
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structures. The resulting NGonNH structures have shown
reduced anisotropic resistances when compared to the pure
NH array due to the increased film thickness along the grid
orientation. A two-dimensional hexagonal network model was
built to understand the anisotropic electrical properties. Highly
improved transmission with tunable transmission spectral
ranges was also obtained due to the plasmonic coupling effect
and can be predicted by finite-difference time-domain (FDTD)
calculations. Better transmittance—sheet resistance trade-off
can be seen when comparing the “Haacke” figure of merit
(FOM) of the NGonNH structure to those of other published
NHs or transparent conductive films (TCF). The switchable
polarization-dependent transmission regions (visible and NIR)
can be used for dual functionalities in different wavelength
bands under different application scenarios.

2. EXPERIMENTAL SECTION

2.1. Materials. Polystyrene nanospheres (PSNS) with diameters
of 500 and 750 nm (Polyscience, Lot# 679675 and Lot# 687640) and
ethanol (Sigma-Aldrich, 98%) were used to form the nanosphere

https://doi.org/10.1021/acsaelm.1c00443
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monolayers on cleaned glass slides (Gold Seal, Part# 3010). Sulfuric
acid (Fisher Scientific, 98%), ammonium hydroxide (Fisher Scientific,
98%), and hydrogen peroxide (Fisher Scientific, 30%) were used to
clean the substrates. Silver (Plasmaterials, 99.99%) and titanium
pellets (Kurt J. Lesker, 99.995%) were purchased as the evaporation
materials. Deionized (DI) water (18 M cm) was used throughout
the experiments. All chemicals and materials were used without
further purification.

2.2. Fabrication of Ag NGonNH. The fabrication process of
NGonNH utilizing the NSL and shadowing growth technique is
schematically illustrated in Figure 1.°**'7%* A hexagonally close-
packed monolayer of PSNS with an initial diameter of L = 500 or 750
nm was prepared on glass substrates by an air—water interface method
(Figure 1a). The é)rocedure was described in detail in several previous
publications.**"*° The size of the PSNS on the substrates was shrunk
to a smaller diameter D via a reactive ion etching (RIE, Trion
Phantom IIT RIE/ICP) with varied etching times, as shown in Figure
1b. The etched PSNS monolayer-coated substrates were loaded into a
custom-built electron-beam deposition system and mounted on a
substrate holder with one motor to control the polar rotation angle 6
(the angle between the substrate surface normal and the vapor
deposition direction). The vacuum chamber was pumped down under
a base pressure of <107® Torr, and the monolayer-coated substrates
were positioned to face normally in the vapor deposition direction. All
the deposition thickness and rates were monitored by a quartz crystal
microbalance facing the source. Then, a 3 nm thick Ti was deposited
to promote the adhesion of the subsequent Ag layer (Figure 1c). Ag
nanostructures of different morphologies were prepared with the
deposition configuration shown in Figure 1d. First, the NG structure
(the white stripelike patterns in Figure le) was formed in the
vacancies between the PS particles when the deposition angle was set
as @ = 53°. To make sure that the vapor would pass through the gap
between two adjacent PSNS to form an NG structure on the
substrate, the monocrystalline monolayers with an area of about 1 cm?
was aligned in the direction of ¢ = 0° (¢ is defined as the angle
formed by the projection line (white arrow in Figure le) of the
incident vapor and an imaginary line (white dashed line in Figure le)
that passes through centers of one row of PSNS by a laser diffraction
apparatus.”” It should be noted that the uniformity and orientation of
the PSNS masks are crucial for the fabrication of these complex
nanostructures and are verified through the laser diffraction patterns.
A 10 nm thick Ag was deposited at a deposition rate of 0.05 nm/s to
form the NG structure. Then, another 10 nm thick Ag was deposited
at @ = 0° to form the NH structure. These two steps were repeated
five times to achieve the final NGonNH structures. Such a deposition
strategy was chosen to minimize the shadowing effect due to the
increased film thickness at NG deposition®>** and to establish the
connectivity of NG on NH (see Section S1 for details). After the Ag
deposition, the PSNS monolayer was removed using Scotch tape and
the substrates were rinsed in toluene, acetone, and 2-propanol
successively to remove the PS residues.

2.3. Morphological, Optical, and Electrical Characteriza-
tions. The morphology of the resulting NGonNH structures was
characterized by atomic force microscopy (AFM, Park Systems NX-10
AFM) and field-emission scanning electron microscopy (SEM, Zeiss
GeminiSEM 500). Both the SEM and AFM images were analyzed by
the ImageJ software (NIH). The orientation-angle-dependent sheet
resistance measurements were performed by depositing 200 nm thick
Ag electrode patterns via a specially designed shadow mask (see
Section S2) and measured by a four-point probe method using a
homemade probe station equipped with the FS-Pro semiconductor
analyzer. The spring-loaded electric probes were pressed against the
electrodes under the observation of an optical microscope. The
optical transmission spectra of the structures were measured by an
ultraviolet—visible spectrophotometer (UV—vis, Jasco-750), and a
40X objective lens was added between the incident light and sample
surface to focus the incident light to a smaller area. Polarization angle-
dependent spectra were achieved by adding a matched set of
polarizers to the Jasco system via a home-built mounting and
alignment system (see Section S3).
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2.4. Numerical Calculations. An in-house MATLAB program
was used to predict the Ag pattern on the substrate based on the
deposition configuration in Figure 1d.*>*® This calculation predicted
the pattern and thickness distribution of the Ag film on the substrate
by considering the shadowing effects from 36 nearest-neighbor PSNS.
An example of the calculated NGonNH structure with L = 500 nm
and D = 340 nm is shown in Figure le. The definitions of D, L, and
the gap distance g between the NG are also shown in Figure 1.

A commercial software package (Ansys Lumerical 2020 R2 Finite
Difference IDE) was used to calculate the polarization angle-
dependent transmission spectra and electric field (E-field) distribu-
tions of the Ag NGonNH structures. The MATLAB calculated results
were imported into the FDTD software as the calculation models.
The thicknesses of NH (hy) and NG (hg) were set to be 50 and 45
nm, respectively, based on the experimental results (the definitions of
hy and hg are shown in Figure S4). A unit cell (see Section S4) was
set as the calculation area with periodic boundary conditions in the
two lateral dimensions. Perfectly matched layer boundary conditions
were used on the top and bottom surfaces of the calculation domain.
Monitors of “frequency-domain field and power” and “frequency-
domain field profile” were set up to determine the transmission
spectra and localized E-field distribution, respectively. The optical
parameters for Ag and the glass (SiO,) substrate were taken from

Palik’s handbook.”’

3. RESULTS AND DISCUSSION

3.1. Structural Morphology. Figure 2a—d shows some
representative AFM images of the NGonNHs for L = 750 nm

Figure 2. Representative AFM images and corresponding MATLAB
predicted patterns of the NGonNHs for L = 750 nm with a different
PSNS etching time ¢ or diameter D. (a) t = 500's, D = 612 nm; (b) t =
600 s, D = 563 nm; (c) t=700s, D = 520 nm; and (d) t = 800s, D =
444 nm. The white shaded areas in the predicted images show the
elliptical shadows of two adjacent PSNS at € = 53° and ¢ = 0°, and
the projected vapor incident direction is from right to left.

monolayers but etched at a different t. The AFM images of the
pure NH array under the same conditions are shown in Figure
S6. The immediate right to each AFM image is the
corresponding MATLAB calculated pattern. The NGonNH
structure has two layers: the bottom layer is an interconnected
NH structure that guarantees the conductivity of the entire
TME, while the NG structure deposited by OAD is on top of
the NH structure. The spacing between the centers of adjacent
NHs or adjacent grids of the NG was L = 750 nm. In the
calculated patterns, the white shaded areas are the projected
elliptical shadows generated by the two adjacent nanospheres
at € = 53°. The NG could only grow into the brown and cyan
areas that are not shaded. Clearly, due to the partial overlap of
the elliptical shadows of the nanospheres in the simulated
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Figure 3. Orientation-angle-dependent resistance measurement results of some representative NGonNHs: (a) L = 750 nm, D = 620 nm; (b) L =
750 nm, D = 563 nm; (c) L = 750 nm, D = 524 nm; and (d) L = 500 nm, D = 403 nm. The straight dash-dotted lines represent the average sheet
resistance Ryy of the corresponding pure NH arrays, and red dashed curves are squared cosine fitting results for the NGonNH structures.

patterns, the two sides of the grating became serrated, which
caused two triangle-like shapes (cyan) formed inside the NH
as evidenced in corresponding AFM images. With the decrease
in D, the overlap area between the neighboring projected
shadows decreases, the nonshaded area becomes larger, and
the NG becomes wider. The two triangles also grow larger and
the distance g between them decreases. Figure S7a plots g
versus D extracted from AFM images. The g decreases from
424 to 200 nm when D changes from 621 to 520 nm. As D
further decreases, the projected shadows gradually become
tangent to each other, and when D reaches 444 nm (Figure
2d), there are gaps formed between adjacent elliptical shadows;
thus, the NGs connect to each other through the connected
triangles. In fact, under this condition, it is expected that an
elliptical NH array would be formed on top of the NH arrays,
so the entire structure is an overlap of two NH arrays: the
bottom one is the circular NH array, and the top is elliptical
NH array with smaller dimension. From the AFM analysis, the
thicknesses of the NGs and NHs for all structures remain
almost unchanged, hg &~ 43 + 3 nm for NGs and hy = 52 + 1
nm for NHs (Figure S7b).

In addition to D, ¢ is another important factor that could
strongly influence the final patterns. Figure S8 shows some
experimental structures and calculated patterns for D &~ 612
nm and L = 750 nm but with different ¢. As ¢ changed from
0° to 30° the NG inside each hole gradually tilted and
disconnected with each other, and finally, nanorods in NH
structures were formed at @ = 30°”° Therefore, to form
uniform large-area NGonNH structures, two key factors are
important: a large-area single-domain PSNS monolayer, and
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the azimuthal alignment of the domain orientation to the vapor
deposition direction.

3.2. Orientation Angle-Dependent Sheet Resistance.
As the geometry of the NGonNH structures are anisotropic, as
shown in Figure 2, the sheet resistance R is also orientation
dependent. This is why a special electrode shadowing mask
was designed (Section S2), so that the orientation-angle ¢-
dependent Rgy(¢p) of the NGonNH structure can be
measured. Here, the orientation angle ¢ is defined as the
angle between the four-probe alignment direction and the grid
orientation of the NGs, which is similar to ¢ defined in Figure
le. Both Rgyy(¢) of the selected NGonNH structures and the
average sheet resistance Ryy of the corresponding pure NH
arrays are plotted in Figure 3. Regardless of the L and D, the
Rgu(@) ~ ¢ relationship follows a similar trend, i.e., Rg(90°)
> Rg(0°), though there were different fluctuations in the
measurements. While for NH, the Ryy is independent on ¢. In
fact, for the NGonNH structure, the Rgy;(¢p) follows:

Rep(¢) = Rg(1 — a’cos® ¢) (1)
where @ represents the conductivity anisotropy of the
structure. Note that the larger the @, the stronger the ¢
dependence. The red dashed curves in Figure 3 are the fitting
results based on eq 1. Compared to Figure 3a—c, a decreased
slightly from 0.32 to 0.22 when D decreased from 620 to 524
nm for L = 750 nm. For L = 500 nm, when D decreased from
426 to 403 nm,  decreased from 0.33 to 0.29 (see Figure S9).
According to statistic t-test, the change in the a values for
different D and L is insignificant within the 95% confidence
interval. In addition, the overall resistance of NGonNH
decreases with D, and the angle-averaged resistance Rgy for
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unit cell in the lattice with a lattice constant L = la;| = la,|. The inset figure shows the reciprocal lattice that is the Fourier transform of the lattice

N

N

in (b) and is generated by reciprocal lattice vectors b, and b,. Note that [;1 ;;2] E} = [1 1]. (c) Polar plot of the calculated resistance ratio
b

2

Rgu()/R, for N = 50 (R, = R, = 0.25R,, < Ry = R,) based on eq 4. Red dots are the normalized experimental resistance from Figure 3d. Green

dashed curve is the fitting result based on eq 1.

the NGonNH structures decreased from 4.53 to 2.62 and 1.76
€/sq when D decreased from 620 to 563 and 524 nm for L =
750 nm. For L = 500 nm, when D decreased from 426 to 403
nm, Rgy decreased from 5.05 to 3.07 €2/sq, as shown in Figure
S10. The decrease in Rgy with D can be intuitively understood
as the overall void area in the film decreases when D decreases
(see Figure 2). On comparing Rgy(¢) with the corresponding
sheet resistance Ryy of pure NH (the black dashed line),
except for Figure 3a, Rgy(¢p) is always smaller than the
corresponding Ryy, which indicates a great improvement in
conductance for the NH and NG combined NGonNH
structures. Even in Figure 3a, Rgy(0°) is smaller than the
corresponding Ryy, and the angle-averaged resistance Rgy
(4.53 Q/sq) is comparable to the corresponding Ryy (4.52 ©/
sq). The conductance in Figure 3 is comparable to or surpass
the best values reported in metal NH arrays, as shown in Table
1,>%1 and is higher than those of traditional TCOs,**™** the
state-of-the-art carbon nanotubes,” graphene ﬁlms,46 and
metal nanowire networks®™>”'"'* (Table S1). The improve-
ment in the conductivity performance of the NGonNH
structures can be intuitively understood as the resistance
decreases with the increased volume of the conductive material
or the effective thickness. In fact, such an improved and ¢-
dependent resistance can be understood by a resistor network
model.

Based on the geometry and the periodicity of the structure,
as shown in Figure 4a, a network resistor model is proposed.
The NGonNH structures can be viewed as an infinite
honeycomb lattice of unidentical unit resistors R;, R,, and
R;, as shown in Figure 4a, and unit resistors R; (i=1,2,3) can
be estimated as

1.
R, = p-k—

1 1
wt;

)

where t; and w; are the effective thickness and width of unit
metal arm, and k; is a modification coeflicient to the resistivity
when the thickness or the width of individual metal arm is
comparable to the mean free path of the metal,*” or there is a
significant grain boundary effect.*”** For the NH structure, R,
= R, = R;, while for the NGonNH structures, unit resistors
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along different directions are of different values due to different
Ag film thicknesses (different #) and the overlapped Ag
materials/shape (different w;). A “Y—A” conversion is
performed to obtain a triangular lattice of identical lattice
points with resistors Rj,, R,3, and Ry, as shown Figure 4b,%
where

RR, + R,R; + RR
R12= 1°Y2 2°%3 T 3,R13
R
3
_ RR, + R,R; + RR,

R

_ RR, + R,R; + RR,
= x )

Ry
3)

The equivalent resistance between a fixed lattice point (0, 0)
and an arbitrary lattice point (m, k) can be calculated as

1 s 2
T
00—mk 4712 Y .

y R,R 3R 5(1 — cos(mé + kn))
R,R,5(1 — cos ) + Ry;Ri5(1 — cos &) + Rp,R;5(1 — cos(€ + 17))
x dédn (4)

The detailed derivation can be found in Section S8. Take

N

a,, a, as unit vectors in the hexagonal lattice with a lattice

N

constant L = la)| = la,|, then, the arbitrary lattice location (m,

k) is expressed as r = ma, + ka,, where m and k range
through all integer values. The lattice position (m, k) on a
circle with a fixed radius N from the fixed origin point (0, 0)
should satisfy m* + k> — mk = N?, and the corresponding ¢
angle can be calculated based on

k
y A
COoS =
K\ 3,2
(m=-5) + 3 s)

Thus, based on eqs 4 and S, the ¢-dependence network
resistance can be estimated.

For a pure NH structure, R, = R, = Ry = R, = p-ko(lo/woty);
for a fixed D and L, 4 changes to

RV 1 — cos(mé + kn)
- 4ﬂ2[” [ﬂ 3 —cosé — cosn — cos(& + 1)

N
Roo—mk _

H
RO

dédy
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Figure S. Polarization angle-dependent transmission spectra (solid curves) Tgy(4, ¢) of the NGonNH structures shown in Figure 2. (a) L = 750
nm, D = 621 nm; (b) L = 750 nm, D = 563 nm; (c) L = 750 nm, D = 520 nm; and (d) L = 750 nm, D = 444 nm. Nonpolarized Tgy,(A) of the
NGonNH structures (black dashed curve) and the corresponding NH array (magenta dashed curve) are plotted as references. The black dash-
dotted lines in the figure show the PF of each sample, the blue dotted lines in the figure show T = 0.6, and the orange shaded area represents the
wavelength region where Tyy(4) > 0.6 and Tyy(4) > Tgu(4, 90°), the gray shaded area is the wavelength region where Ty (4, 90°) > 0.6 and

Tu(4, 90°) > Tyu(4).

For N = 50, the integration gives Ryy/Ry ~ 3.16, as shown in
Figure S12. For the NGonNH structures, after the
combination of pure NH and NG structures, based on the
AFM images in Figure 2, the thicknesses ¢, and t, as well as the
widths w, and w, of the resistors R, and R, have roughly
doubled compared to t; and w,. Assuming that R; = Ry and R,
= R, = c:Ry, where c is estimated to be 0.25, then eq 4 can be
rewritten as

RGT _ L/‘” ™ c(c + 2)(1 — cos(mé + kn))
R, an*J-zJn (1 = cosn) +1 — cos & + (1 — cos(£ + 7))

dédn

The calculated Rgy(¢p)/Ry for N = S0 is shown in Figure 4c.
Two characteristics are exhibited: first, for any ¢ angle,
Reu(@)/Ry (<1.5) is always smaller than Ryy/Ry; second, the
polar plot of R;y(¢)/Ry shows maxima at ¢ = 90° and 270°
and minima at ¢ = 0° and 180° which demonstrates the
strong ¢ dependence. For comparison, the polar plot of the
normalized resistance of one of the representative experimental
results (Figure 3d) is also shown in Figure 4c, which also
shows maximums at ¢ = 90° and 270°. Similar to the
experimental results, the calculated Rgy(¢)) can be well fitted
by the cosine-square function (the green dashed curve).
Clearly, the network model predicts well the experimental
results.

3.3. Spectral Tunable Transmission at NIR. In addition
to excellent electrical properties, good optical transmissions in
a large wavelength region are also required for TMFs. The
photos of one of the NGonNH samples (L = 750 nm, D = 612
nm) taken from different angles are shown in Figure S13,
showing visible transparency. The representative polarization
angle-dependent transmission spectra Tgy(4, ¢) of the
NGonNH structures are presented in Figure 5. Here, the
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light incident angle is 0° and the polarization angle ¢ is defined
as the angle between the polarization direction of the incident
light and the grid orientation of the NGs, which is consistent
with the ¢ angle for resistance measurements. In general,
Tau(4, ¢) changes with ¢ and shows polarization switchable
high transmission bands at visible (¢) = 0°) and NIR regions
(¢ = 90°). The extinction ratios for different NGonNH
structures (ER = 101og(Tgu(4, 90°)/Tgu(4, 0°))) are shown
in Figure S14. The black dash-dotted lines in the figure show
the PF of each sample, and the transmission/PF ratios are
larger than 1 in most wavelength regions, which is orders of
magnitude greater than that predicted by the standard aperture
theory (T ~ (D/24)*), demonstrating obvious EOT
phenomenon.’® To understand the Tgu(4, ¢) spectra,
unpolarized Tgyo(4) of the NGonNH structures (black dashed
curve) and Tyy(4) of the pure NH arrays with the same D and
L (magenta dashed curve) are also plotted in the
corresponding figures. Regardless of the D, the Ty(4) spectra
possess two EOT peaks (P, and P,) caused by the surface
plasma resonance at the Ag—air and Ag—glass interfaces and
two Wood’s anomaly dips (D; and D,).”” Compared to
Tau(4), the Tgyu(4, @) spectra show richer spectral features.
The most notable difference is the highly improved trans-
mission at the NIR region and the strong ¢-dependent optical
responses due to the breaking of structural symmetry. The
trend of Tgy(4, ¢) for different D is very similar: when ¢ = 0°,

Ten(4, 0°) is similar to Tyyy(4) but with a dip, DY, on top of
the peak P,. The transmission intensity T around P, is
suppressed because of the appearance of Dgo. When ¢ changes
from 0° to 90°, another dip D, appears near Dgo and a new

peak P; also emerges in the infrared wavelength region. Ty (4,
¢) around Ap, and ﬂD4 gradually decreases with ¢, while
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Figure 6. (a) Calculated Haacke number ®y; for the NGonNH structures and the corresponding NH with the same D/L ratio. The transmission T
used to calculate @y are based on the averaged nonpolarized transmittance from 1000 to 2500 nm. (b) Comparison of the wavelength region with
transmittance larger than 0.6 for Tyy(4) for the NH structures, and Tgy(4, 90°) and Tgy(4, 0°) for the NGonNH structures for L = 750 and 500
nm; the left side of the black dashed line is for L = 500 nm, while the right side is for L = 750 nm.

Tou(4, ¢) around 2, gradually increases with ¢. When ¢ =

90°, the peak P3" dominates, and Tgy(4, 90°) around and
after Apy is highly improved when compared to that of

Txu(4), even though the PF of the whole structure decreases.
For example, compared to Tyy(A), Tgu(4, 90°) is nearly
doubled over a wide spectral region (i.e., from 1500 to 2500
nm) after the NG was added on NH, as shown in Figure Sc. As
we know that the skin depth 0 of metal such as silver is in the
range of 10—20 nm at 4 = 550 nm. As A increases, ¢ also
increases, which causes a dramatic increase in the reflection.
Therefore, thin metal or metal nanostructure films have poor
NIR transmittance.* However, the NGonNH structures show
highly improved NIR transmittance, i.e., the average non-
polarized Tgyo(4) between 4 = 1500 and 2500 nm increased
by ~19% compared to Tyy(4), as shown in Figure S15 and
Table S2. The NIR transmittance is very important for infrared
optics.

The spectral features in Tgy(4, ¢) can also be tuned by D.
When D decreases from 612 to 444 nm, the Pgoo peak can be
red-shifted from 1452 to 1998 nm and become very broad.
However, the integral transmission at Pgoo decreases. If the
transparency threshold is set to be T > 0.6 (the blue dotted
lines in Figure S; the value 0.6 is chosen based on the
references on the research of NHs shown in Table 1), for the
NGonNH with D = 612 nm, the range of wavelengths for T >
0.6 covers almost the entire NIR wavelength region. With the
decrease in D, the starting wavelength for the transparency red-
shifts and the overall wavelength region for transparency
becomes narrower. When D = 444 nm, the structures become
opaque. The other significant change in Tgy(4, ¢) is the

appearance of the small dip Dgoc at the shorter wavelength side
of D}° (D = 563 and 520 nm in Figure Sc,d). In addition,

when ¢ = 0°, with the decrease in D, the Dgo dip blue-shifted a
little and became deeper with the decreased integral trans-
mission. Figure Sl6a—c directly compares the Tgy(4, 0°),
Tau(4, 90°), and nonpolarized Tyy(4) for different D, and the
corresponding Ape, Apw and Apy are plotted against D in
Figure S16d.

As the transmittance around and after 4,9 of the NGonNH
structure can be greatly enhanced, a wider transmittance-
enhanced spectral region can be achieved if Ap% can be tuned

to blue-shift. To this end, a smaller L of the NGonNH
structure has been investigated. The AFM images and Tqy(4,
@) of L = 500 nm with different D are shown in Figures S17
and S18. The Apy shifted from 1570 nm of L = 750 nm to

1090 nm of L = 500 nm for the NGonNH structure with the
D/L ratio ~ 0.75 (Figure S18c), and the transmittance-
enhanced spectral region was also expanded from ~1300—
2500 to ~1000—2500 nm. This NIR spectral window, known
as the “optical window” or “therapeutic window,” is the range
of wavelengths that has the maximum depth of penetration in
tissue and is very important in many medical applications.'”
Detailed discussion about NGonNH structures with L = 500
nm can be found in Section S11.

3.4. Tunability of the Improved Transmission Wave-
band. The quality of the TMFs is determined by not only the
resistance but also the optical transmission. According to
Haacke,”' the performance of a TMF should be described by
the FOM, @y = T'°/R, where R is the sheet resistance and T is
the optical transmission of the TMF. Figure 6a plots the @y
for the NGonNHs with different D/L ratio together with the
corresponding NHs as a reference. The transmission T used to
calculate @y is based on the averaged nonpolarized trans-
mission from 1000 to 2500 nm. With an increase in the D/L
ratio, @y increases for both the NGonNH and NH structures
while @y for the NGonNH always remains higher than that of
the NH, indicating the improved TMF performance. In
particular, for the NGonNH structure with D & 612 nm and L
=750 nm, ¢y = 13.1 (Rgy = 4.53 Q/sq as shown in Figure 3a
and the averaged nonpolarized T from 4 ~ 1000—2500 nm >
75% as shown in Figure Sa). As shown in Table 1, this value is
significantly higher than those reported in other metal NH
arrays”®'’ and is comparable to or higher than many
previously reported values of TCFs, including TCOs,**~**
carbon nanotube networks,* graphene ﬁlms,46 and metal
nanowire networks’>”'"'* (see Table S1). Other NGonNH
structures also have a high ®y; compared to most TMFs and
TCFs reported in Tables 1 and S1. If linearly polarized light is
used, the ¢ of the NGonNH structures under polarized light
can be higher than that under nonpolarized light, i.e., the
averaged Tgy(4, 90°) for the NGonNH structure with D =
612 and L = 750 nm from A ~ 1000—2500 nm > 78.8%; thus,
Priop = 204 (> = 13.1).

Another important factor for TMFs is the bandwidth of the
transparency wavelength region. Clearly, due to the polar-
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Figure 7. Experimental and FDTD calculated Tgy(4, ¢) spectra of the NGonNH structure (L = 750 nm, D = 563 nm) for ¢ = (a) 90° and (b) 0°.
The gray dashed curves are FDTD calculated Tg(4, ¢) of the corresponding MATLAB generated NG structure at different ¢. (c—e) E,-field
distributions at Apg° at the (c) air—grating interface, (d) grating—hole interface, and (e) hole—glass interface.

ization dependent optical transmission, the resulted NGonNH
structures could have switchable optical transparency in
different wavelength regions at ¢ = 0° and 90°. Based on
the transparency criteria T = 0.6, the transparency wavelength
regions for different L and D as well as polarization angle are
extracted and plotted in Figure 6b. For the pure NH structure,
the transparency wavelength region A/ is mainly concentrated
at the EOT peak P,, of which the width is determined by D
and the resonance wavelength is governed by L. With the
increase in D, the EOT peak P, becomes wider with higher
peak transmission, as shown in Figures S6 and 6b (the red
colored bars). The A4 of P, can be tuned to blue-shift when L
decreases from 750 to 500 nm, which is well characterized in
the EOT community.”® Similarly, with the increase in D, a
wider AJ is covered by Tgy(4, 0°) (the blue colored bars in
Figure 6b) and Tgy(4, 90°) (the green colored bars in Figure
6b) for the NGonNH structures. This wavelength region can
also be tuned to blue-shift (red-shift) by L. When L decreased
from 750 to 500 nm, the central wavelength region of A4 of
Teu(4, 90°) blue-shifted from ~1900 to ~1500 nm while that
of Tgy(4, 0°) blue-shifted from ~1100 to 900 nm. A smaller L
will allow for high transmittance in the visible region.
Moreover, Tgy(4, 90°) covers almost the whole NIR (800—
2500 nm) as shown in Figure 6b and possess a wider A than
that of the corresponding Tyy(4). While AL of Tgy(4, 0°)
covers a similar wavelength region as that of the corresponding
pure NH. In particular, for the NGonNH structures with
smaller D (see L = 750 nm, D = 563 and 520 nm; L = 500 nm,
D = 371, 355, and 351 nm), the overlap of the A4 from both
the Tgu(4, 0°) and Tgu(4, 90°) is insignificant, which
indicates that these structures are excellent candidates for
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switchable TMFs, ie., the NGonNH structures allow the
switchability of different transparent bands simply by switching
the polarization angle of the incident light. Such a property is
good for applications that need switchable optical transparency
at different wavelength regions. For the TMFs, a different
transparency window is required for different applications, i.e.,
the visible region for photoelectric devices and electronic
products such as flat-panel displays,”> NIR for medical
applications such as optical imaging and ultrasound imaging,'”
and terahertz for the terahertz imaging.'® A smaller or larger L
can also be used to shift the transparent band from the UV
region to even the terahertz region'® according to the specific
application.

3.5. Understanding of Tgy(4, ¢). To figure out the reason

for the highly improved transmission at Pgoo and further
understand the spectral features of Tgy(4, ¢), FDTD
calculations are performed based on the representative
NGonNH structure (L = 750 nm, D = 563 nm). Figure 7a,b
shows the comparison of the experimental (solid curves) and
calculated (dashed curves) Tgu(4, ¢) at ¢ = 90° and 0°,
respectively. The spectra were calculated by importing the
MATLAB calculated structures into the FDTD software.
Overall, the calculated results are in good agreement with the
experimental spectra except that the dips in the calculated
spectra are sharper and stronger, which is due to the use of
periodic boundary conditions in the calculations. For the
experimental measurement, since the illuminated area is larger
(the diameter of the light spot is ~2 mm), there are many
statistical variations of the structures in probed area, and the
statistic difference among different units causes the broadening

of the peaks and dips.
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At ¢ = 90°, except for an extra dip at 4 = 1240 nm, the

spectral features of DZOO, Dgoo, and Pgoo are all well predicted by
FDTD calculations. The extra small dip at A = 1240 nm of the
calculated results in Figure 7a may be caused by the sharp edge
of the imported structure in the calculation. To better
understand the origin of the new EOT mode Pgoo, the
Tng(4, @) spectra calculated from the corresponding NG
structure are also plotted in Figure 7 (the gray dashed curves).
The Pgou transmission peak of the NGonNH structure is very
close to the dip Dy of the NG structure. To further confirm
this observation, the spectra of Tgy(4, 90°), Tyg(4, 90°) of
NG, and Tyy(4) of different D are plotted in Figure S20. The
P§°° locations of all the NGonNH structures are very close
position to the dip Dyg positions of the corresponding NGs

(Figures 7a and S20), indicating that the origin of Pgoo must be
related to Dyg. Figure 7c—e plots the local E_-field
distributions at /11,30“ at the air—grating, grating—hole, and
hole—glass interfaces, respectively. The local E_-field distribu-
tion of Dy of the NG structure is also shown in Figure S21 as
a reference. The local E_field distribution at Ay shows a
strong localized dipole resonant mode of the two triangles
inside the hole, and a weak resonance of the NH can also be
observed. The local E -field distribution of Dy in Figure S21
also shows similar results. These results indicate that the
appearance of Pgoo should be attributed to the localized
plasmon coupling between the triangles and the NH. This
coupling funnels the light into the small gap between the two
triangles and reradiates electromagnetic waves through the gap,
leading to an enhanced transmission. Difference in Pgoo and the

dips DZOO and Dgoo correspond to higher energy resonances,
suggesting that they may be related to higher-order plasmon
resonances.”””* The E_-field distribution shown in Figure S22
indicates that the resonance at Ap» and Ay are the results of
the overlapping between the hexapole mode of NGonNH and
the surface plasmon polaritons (SPP) mode P, as well as the
interference between the octupolar mode and SPP mode P,
At ¢ = 0°, both the calculated and experimental spectra exhibit
a broad peak with a dip Dgo (ﬂDg“ = 1230 nm for FDTD and
Apy = 1260 nm for experiment). The other dip at 1032 nm

from the FDTD (D,) spectrum is rather weak at ¢) = 0° and we
did not observe it experimentally. The E-field distribution
shown in Figure S22 indicates that the Dgc is the result of the
overlapping between the quadrupole mode of NGonNH and
the SPP mode P, in the compound hole array.”® A detailed
discussion about the dips is found in Section S12.

To compare the overall polarization dependence Tgy(4, ¢)
of different structures, we plot T, versus ¢ in Figure 523 for
different D. Overall, the polar plots of T, are dumbbell-shaped

curves, and they can be well fitted by
T,(#) = T,(1 - acos® )

(the dashed curves in Figure S23), consistent with several
previous studies for the in-plane dipole mode resonance.”> >’
When D decreases from 612 to 520 nm, & increases from 0.34
(D =612 nm) to 0.58 (D = 563 nm), 0.64 (D = 520 nm), and
0.63 (D = 444 nm), which is different from almost invariant «
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for Rgy(¢p), indicating a stronger ¢)-dependence optical
property for the NGonNH structures.

4. CONCLUSIONS

In summary, based on the NSL and OAD, we have designed
the NGonNH structures over large substrate areas, and the
structures show significantly improved electric property and
dual-band optical transparency. The geometries of the formed
NGonNH can be precisely varied by controlling the size of the
PSNS, the etching duration of the PSNS, the orientation of the
PSNS monolayer domain, and the vapor incident angle during
OAD. Most of the NGonNH structures have shown reduced
resistances when compared to that of NH array. Such a
reduced and anisotropic resistance behavior is predicted by a
two-dimensional hexagonal resistor network model. In
addition, polarization-dependent and highly improved optical
transmissions with tunable spectral ranges are also obtained
due to the plasmonic coupling effect as well as the anisotropic
morphology and can be predicted by FDTD calculations. Dual-
transmission regions (visible and NIR) can be switched by a
polarization angle, which is very unique and has the potential
application of dual-functionality for TMFs. In particular, a
NGonNH structure with a low sheet resistance of 4.53 €/sq, a
high average transmittance of 75.4% over the 1000 to 2500 nm
wavelength region, and a Haacke number of 13.1 is realized,
which is higher than or comparable to those reported metal
NH arrays and TMFs. The Haacke number under ¢ = 90°
polarized light (y_oq-) is higher than that under nonpolarized
light, i.e., ¢y_go> = 20.4 for the above NGonNH structure (¢y
= 13.1). We would like to point out that in these preliminary
experiments, many parameters such as materials, grating shape,
and metal thickness®” have not yet been optimized. Even better
performance can be expected by designing more advanced
compound geometries, for instance, by increasing the thickness
of only one pattern (NH or NG) of the NGonNH, while
minimizing the other, or altering the shape of the NH or NG
by changing the incident angle 6 (Figure S24). In addition,
such a wide-band optical property can also be used for optical
filters, and the polarization property can be used for
polarization-modulation based optical components or sensors.
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PF perforation fraction

TCO transparent conductive oxide
NGonNH NG on NH

FDTD finite difference time domain
FOM figure of merit

TCF transparent conductive films
PSNS polystyrene nanospheres
RIE reactive ion etching
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