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A two-dimensional nanopatterned thin metallic transparent conductor
with high transparency from the ultraviolet to the infrared
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The optical properties of a two-dimensional nanohole patterned aluminum thin film in hexagonal
lattice are studied. The transmission dip can be moved out from the visible range by manipulating the
lattice constant. The resulting nanopatterned thin film is demonstrated to exhibit a high transparency
in a wide wavelength range. The origins of the transmission dip and the transmission drop are
explained. For constant resistance, thicker films with a larger filling ratio lead to better transmittance
in the visible range. Angular response of the nanopatterned metallic film is also analyzed, and
transmittances using several other metals are compared. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4765341]

Transparent conductors (TCs) are essential components
of modern optoelectronic devices, including solar cells, flat
panel displays, and light emitting diodes (LEDs). Most of the
optoelectronic devices having a TC are fabricated on indium
tin oxide (ITO) coated substrates because of the relatively
high transparency of ITO in the visible range and its low sheet
resistance. However, ITO is costly because of the limited
source of indium.' Moreover, ITO is brittle for devices on flex-
ible substrates.! Due to these disadvantages of ITO, research-
ers are now seeking alternatives, which include metallic
nanogratings,” metallic nanomeshes,®’ ultra thin metallic
films,*° carbon nanotube networks,'®'" and graphenes.'*™"*

It is known that, thanks to surface plasmon polariton
(SPP), the transmission enhancement of optically thick nano-
patterned metal films can be realized.'>'® However, the
enhancement is only in a narrow wavelength range. This
cannot be applied to optoelectronic devices that need high
transparency in a wide wavelength range such as flat panel
displays and solar cells. When the film thickness of nanopat-
tered metallic films is within a few or tens of nanometers, the
optical properties become quite different from those of the
optically thick metallic films. One-dimensional (1D) nano-
patterned thin metallic film has been studied both theoreti-
cally and experimentally.>"'” For the two-dimensional (2D)
case, the studies are mainly focused on the transmission sup-
pression in a narrow wavelength range where high optical
transmission is anticipated.'® " There already have a few
experimental papers trying to fabricate 2D nanopatterned
metallic electrodes.?'?? Unfortunately, the transmittance is
not high enough in a wide wavelength range. Till now,
there is no theoretical analysis on the optical properties of
2D nanopatterned metallic thin films that can be used as a
potential candidate for TC over a wide spectral region. In

YElectronic mail: echkam@ntu.edu.sg.
® Author to whom correspondence should be addressed. Electronic mail:
exwsun@ntu.edu.sg.

0003-6951/2012/101(18)/181112/4/$30.00

101, 181112-1

this letter, we report that high transparency in a wide wave-
length range from ultraviolet (UV) to infrared (IR) with a rel-
atively low sheet resistance can be achieved in metal thin
films with a hexagonal lattice nanohole array.

Inset of Fig. 1(a) shows the schematic of the 2D nano-
hole patterned metallic thin film for the study. The nanopat-
terned metallic thin film structure is arranged in the x-y plane
with a hexagonal lattice and surrounded by air. Light is
directly incident on the film along the z direction. Periodic
boundary conditions are used in the x, y directions and
perfectly match layer (PML) boundary condition is used in
the z direction. The simulation region is chosen in one unit
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FIG. 1. (a) Average transmittance from 0.3 um to 1.0 um of different sheet
resistance with various f, @ and & are fixed at 400nm and 20 nm, respec-
tively. Inset shows the schematics of 2D nanohole patterned metallic thin
film arranged in hexagonal lattice. Left side shows the 3D view and right
side shows the top view of the nanopatterned structure. Simulation area of
one unit cell is indicated with the red dashed line. (b) Transmittance and
absorption, and (c) reflection spectra of the nanohole Al thin film for various
lattice constants with f=0.8 and 4 =20 nm. (d) Transmittance spectra of the
nanohole films with different thicknesses, while keeping their sheet resist-
ance constant.

© 2012 American Institute of Physics
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cell within one period in the x and y directions indicated by
the dashed line in the inset in Fig. 1(a). The top view of the
unit cell is shown in right side of inset in Fig. 1(a). The
lattice constant is indicated as a, the radius of nanohole is
represented by r, and the film thickness is 4. The finite-
difference time-domain (FDTD) method is employed for all
spectra calculations using Lumerical FDTD Solutions, a
commercial FDTD software package.

Before analyzing optical properties of the nanopatterned
metallic thin film, the other important parameter which
should be considered is the sheet resistance because a good
candidate for TCs needs both high transparency and low
sheet resistance. The sheet resistance of a uniform metallic
thin film is given by Ry, = 1/(¢ * h) = p/h, where ¢ and p are
the metal conductivity and resistivity, respectively, and /4 is
the film thickness, with a unit of Q/sq. In the case of a 2D
nanohole array structure, according to the percolation theory,
the large scale effective conductivity is written as g.=a
(¢r— ¢(,,<,A,)',23’24 where ¢, is the conductivity of the patterned
structure, g, is the conductivity of the conductor, (,bf is the
volume fraction of the patterned conductor, ¢, is the perco-
lation threshold where the conductivity of the patterned
structure is zero, and ¢ is the critical exponent. The volume
fraction of the patterned conductor ¢, here can be simplified
as (1 —f) where f is the nanohole filling ratio in one period
defined as f = 2712 / V3d? (the area ratio of void region and
the whole unit cell). Here, for a 2D hexagonal hole patterned
case, ¢, = (1 — ;7%), where neighboring holes are just in
contact with each other (r=a/2). According to Ref. 23, we
chose r=1.1.

Without loss of generality, we chose aluminum (Al), a
cheap yet commonly used metal for the study here. The re-
sistivity of Al is p = 2.9 x 107%(Qm). Fig. 1(a) shows the
relationship of the sheet resistance with average transmit-
tance from 0.3 ym to 1.0 um with @ =400 nm and # =20nm
by changing the hole filling ratio /. When the sheet resistance
is small which means the hole is relatively small, it is
obvious that the transmittance is low. Below 10 Q/sq, with
the increase of the sheet resistance, the transmittance
increases rapidly. When the sheet resistance is larger than
10 Q/sq, the transmittance increases only slightly. From
Fig. 1(a), it is shown that when the sheet resistance of the
nanohole patterned Al thin film is larger than 8.4 Q/sq, the
average transmittance is larger than 80%. For ITO, normally
the sheet resistance is around 10-20 /sq with transparency
around 80%.%° This indicates that the nanohole patterned
Al thin film has comparable performance compared with
ITO thin film. To obtain a reasonable sheet resistance, in
the optical properties study below, we fixed f=0.8 with
Ry, = 18.53 Q/sq which is reasonable for an electrode.

Fig. 1(b) shows the transmittance and absorptance spec-
tra and Fig. 1(c) depicts the reflectance spectra separately for
clarity, all over the spectral range from 300 nm to 1 um for
various lattice constants when the incident light is normal to
the metallic thin film along the z direction. The transmittance
changes with variation of the lattice constant from 600 nm to
200nm. The highest transmittance for all different lattice
constants is larger than 85% and close to unity at some spe-
cific wavelength for ¢ =600nm. In the wavelength range
shorter than 500 nm, there is a transmission dip. When the
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lattice constant is larger (for example, @ = 600 nm), the dip is
in the visible range in which we are most interested, and the
transmission in the long wavelength range is relatively
higher than in the other ranges. When the lattice constant
decreases, the dip is blue-shifted, and the transmission in the
long wavelength range only decreases slightly.

By manipulating the lattice constant, we can move the
dip out of visible range, although the transmission in the
long wavelength range also drops. Two reasons are attributed
to the transmission dips at short wavelengths. One is the
enhanced reflectance around the dip, which can be verified
by the reflectance in Fig. 1(c). The reflectance at the trans-
mission dip is larger than that of other wavelengths. The
other one is the absorptance enhancement at the same wave-
length as shown in Fig. 1(b). Additionally, for all the films of
different lattice constants, there is a continuous transmittance
drop after the maximum transmittance and reaches the next
lower level at around 830 nm. This is due to interband transi-
tion absorption of ALS Furthermore, this absorption peak is
found to be slightly blue-shifted when the lattice constant is
decreased. The wide high transparency wavelength range
makes the 2D nanohole patterned metallic thin film arranged
in hexagonal lattice more suitable for TC applications.

From the sheet resistance perspective, the influence of
the hole radius and film thickness on transmittance is ana-
lyzed with the sheet resistance kept constant. Obviously,
when the film thickness is reduced, the nanohole radius needs
to be reduced to maintain a constant resistance. To study the
effects of /1 and f on the transmittance, the spectral relation-
ship of transmittance for 4 different thicknesses (4= 10nm,
15 nm, 20 nm, 25 nm) of the thin films is plotted in Fig. 1(d)
with the sheet resistance kept unchanged. Here, the lattice
constant is fixed at ¢ =400 nm. The transmittance is the low-
est for 4= 10nm, here small /# and small f do not lead to bet-
ter transparency. The transmittance is only slightly different
for large h and large f when the optical wavelength is longer
than 450nm. For the wavelength shorter than 450 nm, the
transmittance first increases with the increasing 7 (up to
20nm), and then decreases slightly (up to #=25nm). The
maximum amplitude transmission in this range is achieved
when the thickness of the metal film approaches SPP skin
depth, which is given by

1 c 1
0= Im(k;) B olm(y/z,)’ M

where k. and ¢, are the imaginary refractive index and dielec-
tric constant of the metal, respectively, and c is the velocity
and o is the frequency of the light.?® For example, the calcu-
lated SPP skin depth at the surface plasmon resonance fre-
quency of 856.55 THz (350nm) is 23nm. The imaginary
value of the complex refractive index of Al at 856.55 THz is
4.274. As the thickness of the Al layer is close to the skin
depth, SPP modes that are excited on both air-metal sides of
the Al film are coupled via evanescent waves and form
coupled SPP modes, which boost the total transmission signifi-
cantly. Besides, an increased absorption peak at 350nm is
observed due to the interaction of the front and back SPP
waves within the metal medium during SPP propagation. The
25 nm thick Al film shows slight a decrease in the transmission
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as the coupling between SPP modes that are excited on the ei-
ther side of the Al film is not as strong as that for 20 nm thick
Al case, due to the fact that its film thickness is greater than the
skin depth.

Filling the air holes with some commonly used dielec-
trics and organics (e.g., silicon oxide (SiO,), silicon nitride
(Si3Ny), and Poly(3,4-ethylenedioxythiophene) poly(styrene-
sulfonate) (PEDOT:PSS)) is studied. Fig. 2(a) shows the
transmittances of filled Al electrode. The transmittance of a
thin film with 20nm thickness is also presented as a refer-
ence. All the filled nanostructures have the same lattice con-
stant, filling ratios, and thicknesses as the optimized unfilled
metal nanostructures. For nanostructure filled with SiO,, the
transmittance is higher than that of the air hole filled nano-
structure in long wavelength range from 500 nm, but in the
short wavelength range, the transmittance is lower. For nano-
structure filled with SizN,4 with refractive index larger than
SiO,, there is a significant drop in the short wavelength
range. The transmittance of PEDOT:PSS is similar to that of
the nanostructure filled with SiO,. The transmittance of the
Al thin film is extremely low and most of the light has been
reflected. The substrate effect on the transmittance is also
studied (Fig. 2(b)). When a SiO, substrate (glass) is used, the
transmittance in short wavelength range is further dropped,
but the transmittance in the long wavelength range is little
influenced and remains high. The influence on the transmit-
tance for hole-filling (with SiO,) of the Al nanoelectrode on
glass is not significant, which is similar to the substrate-free
case in Fig. 2(a).

The angular dependence of the transmittance of the nano-
patterned Al thin film for both transverse-electric (TE) and
transverse-magnetic (TM) polarizations is studied. Here, the
TM polarization is as the case when the magnetic field is in
the x direction and TE polarization is defined as the case
when the magnetic field is in the y direction. The structure pa-
rameters are fixed at ¢ =400nm, f=0.8, and A =20nm.
Detailed relationship between transmittance spectrum and
incident angle is shown in Fig. 3. For clearance, only the
transmittance of 10°, 30°, and 60° of incident angle is plotted.
For TE polarization as shown in Fig. 3(a), with the increase
of the incident angle, the transmittance decreases in short
wavelength range and increases in long wavelength range.
For TM polarization as shown in Fig. 3(b), the transmittance
drops in the whole wavelength range when the incident angle
increases. The drop is more significant in the long wavelength
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Sosf Air 2o.6f
% —SiN, l%
2 0.4 ——Sio, ] 0.4 Film with air hole
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FIG. 2. (a) Transmittances of the nanohole Al thin film for various filling
materials (SiO,, Si3Ny, and PEDOT:PSS) and a Al thin film with the same
thickness. (b)Transmittances of the nanohole Al thin film with air hole, with
SiO, filled holes only, with SiO, substrate only, and with both SiO, filled
holes and substrate. Structure parameters are fixed at @ =400nm, f=0.8,
and 7#=20nm.
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FIG. 3. Transmission spectra for (a) TE and (b) TM polarizations with
incident angle of 10°, 30°, and 60°. The structure parameters are fixed at
a=400nm, f=0.8, and 7 =20nm.

range. Fig. 4(a) shows the average transmittance spectra from
300nm to 1.0 um of TM and TE polarization, respectively.
For TE polarization, the average transmittance remains high
even when the incident angle is increased to 60°, while the
average transmittance of TM polarization drops to 60%.

For some applications, we may need to vary the work-
function of the TC. As such, we studied the transmittance of
2D hexagonal lattice nanohole arrays made of different met-
als (aluminum (Al), silver (Ag), gold (Au), and nickel (Ni)),
as shown in Fig. 4(b). For different metals, the optimized
parameters are the same, i.e., a=400nm, f=0.8, and
h=20nm. Detailed spectra optimizations for different met-
als are not shown here. For Ag and Au nanopatterned thin
films, the transmission dip cannot be moved out from the
visible range because the dip tends to have a red shift when
the lattice constant is reduced.!” However, the transmittance
in the long wavelength range is much better than that of
other metals. The Ni film has a flatter transmission spectrum
for the wavelength range from 300 nm to 1.0 um but the av-
erage transmittance is relatively low. Al nanostructure has
the best transmittance in the visible range among the four.

One of the immediate tools of fabricating the aluminum
nanostructure is the electron beam lithography (EBL).?” The
drawback is that it is costly and not efficient to fabricate
large area metallic transparent electrode. Another method is
the polymer sphere (PS) lithography which is much cheaper
than EBL.?* But PS assembly is a bottom-up process, there
may be defects generated. The third method is the anodiza-
tion, again it is a self-assembly method, which is prone to
generated defects.”® The generated defects may have effect
on the transmittance.”* The influence of defects on conduc-
tivity is negligible. As the optimized dimension of the metal
structure is more than 20nm, electron mean free path is
14nm for aluminum at room temperature, hence scattering
can be ignored.?

1.0
(@
TE 0.8
8os| 1
0.6}
E ™ 3
—A
04}
061 3 —Ag
] [ —Au
02 ——Ni
()
1 S W 1 I S
10 20 30 40 50 60

09352 05 06 07 038 09
Incident angle (degree) Wavelength (um)
FIG. 4. (a) Average transmittance for TE and TM polarizations VS. the inci-
dent angle of the structure as in Fig. 3. (b) Transmission spectra of the struc-
tures made of metal materials Al, Ag, Au and Ni. The structure parameters are
chosen as a =400 nm, f=0.8 and # = 20 nm for all metal materials here.
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In conclusion, the 2D patterned Al thin film with a hex-
agonal lattice enables a high transparency for a wide wave-
length range from UV to IR. By manipulating the lattice
constant a, the transmission dip can be moved out from the
visible range. The transmission dip results from the enhance-
ment of reflectance and absorptance. The continuous trans-
mittance drop following the maximum transmittance stems
from the increasing evanescence of the light. When the sheet
resistance is kept constant, larger /# and larger f lead to a
higher transmittance level over the wide spectral region. TE
polarization allows for a better angular transmittance than
TM polarization. Compared to other nanopatterned metallic
films, nanopatterned Al thin film yields the best transmission
spectrum in the visible wavelength range.
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