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Nanohole Arrays: Fabrication and
Applications

We have utilized nanosphere lithography (NSL) to fabricate ordered Au nanodisk and
nanohole arrays on substrates and have studied the localized surface plasmon resonance
(LSPR) of the arrays. Through these investigations, we demonstrate that the angle-
dependent behavior of the LSPR in the Au nanodisk arrays enables real-time observation
of exciton-plasmon couplings. In addition, we show that the NSL-fabricated Au nanohole

arrays can be applied as templates for patterning micro-/nanoparticles under capillary
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1 Introduction

Ordered metal nanostructure arrays with spatial coherence are
useful for many applications in the fields of engineering and medi-
cine [1,2]. The development of cost-effective methods to fabricate
such nanostructures presents a significant challenge to the nano-
science and nanotechnology community. Although there are sev-
eral nanofabrication techniques available, such as photolithogra-
phy, electron beam lithography, and focused ion beam lithography,
these conventional techniques are limited by their high cost, low
throughput, and difficulty in accessing the facilities [3-5]. The
limitations of conventional techniques have motivated the devel-
opment of “unconventional” approaches, such as soft lithography,
nanoimprinting lithography (NIL), and nanosphere lithography
(NSL) [6-8]. In this article, we demonstrate that NSL can be used
to produce ordered Au nanodisk and nanohole arrays on substrates
at high throughput and low cost. NSL also allows for well-
controlled morphology and size distribution of the Au nanodisks
and nanoholes. These low-cost, high-throughput, and highly or-
dered Au nanodisks and nanoholes can be of great interest for
applications, such as nanoscale waveguides, surface enhanced Ra-
man spectroscopy, biosensors, nanopatterning, and molecular
plasmonics [9,10].

In the fields of nanophotonics and plasmonics, understanding
and controlling the optical behavior of molecules near the vicinity
of noble metal nanoparticles is not only fundamentally important
but also essential for applications, such as energy harvesting [11],
nanoscale optical circuits [12], and ultrasensitive chemical and
biological sensors [13,14]. Of particular interest is the recent dis-
covery of mixed exciton-plasmon states in metal-molecule com-
plexes where excitons of molecules resonate with the plasmon
modes of metal nanoparticles. This leads to the appearance of new
peaks, so-called hybridized states, in the extinction spectra
[15,16]. The resonant coupling strength varies with spectral over-
lap between the localized surface plasmon resonance (LSPR) re-
sponse and molecular resonance, therefore, a platform with tun-
able LSPR is essential for understanding and harvesting the mixed
exciton-plasmon states. Wurtz et al. [15] demonstrated tunable
exciton-plasmon coupling in J-aggregate hybridized Au nanorods
by varying the thickness of air shells that surround the nanorods.
Fofang et al. [16] used the highly tunable LSPR observed in Au
nanoshells to understand plasmon—exciton coupling as a function
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force. The unique structural and plasmonic characteristics of the Au nanodisk and nano-
hole arrays, as well as the low-cost and high-throughput NSL-based nanofabrication
render these arrays excellent platforms for numerous engineering
applications. [DOI: 10.1115/1.4002221]

of spectral overlap. Although these studies demonstrated the use
of tunable LSPR to vary plasmon-exciton coupling, they required
the fabrication of a large number of different nanoparticle arrays
to establish exciton-plasmon hybridization. Such a large number
of samples complicated the experimental procedures and intro-
duced deviations. Here, we use coupled dipole approximations
(CDA) calculations to demonstrate that the nanodisk arrays ex-
hibit angle-dependent LSPR due to the coupling effects among the
nanodisks. We also demonstrate that the angular dependence of
the LSPR makes NSL-fabricated nanodisk arrays a versatile plat-
form for better understanding plasmon-exciton couplings in real
time.

In nanopatterning applications, the ability to arrange cells and
micro-/nanoparticles into desired templates is critical for numer-
ous biological applications, such as microarrays, tissue engineer-
ing, and regenerative medicine [17]. Researchers have developed
a variety of particle-patterning and particle-manipulating tech-
niques, such as microcontact printing, optical tweezers, optoelec-
tronic tweezers, acoustic tweezers, magnetic tweezers, and elec-
trophoresis [17-24]. Herein, we demonstrate that the NSL-
fabricated Au nanohole arrays can work as effective templates for
patterning micro-/nanoparticles at low cost and high throughput.

2 Theory

To overcome the limitations of the existing research on nano-
particle array-based plasmon-exciton couplings, we have used the
NSL-fabricated nanodisk arrays to observe the formation of
exciton-plasmon states in real time. In these investigations, we
aim to achieve in situ dynamic control of the coupling strength in
a single Au nanodisk array coated with J-aggregate molecules by
making use of angle-dependent LSPR. To simulate the angle-
resolved extinction spectra for both the bare Au nanodisk array
and the array of nanodisk-J-aggregate complexes, we performed
CDA calculations. In CDA, the nanoparticle array is described by
an array of M dipoles, each with the dipole moment P;=aE;

j
here «; is the dipolar polarizability and E; is the sum of the inci-

j :
dent electric field (E . ;=Ee*’) and the electric field arising
from the other M-1 dipoles (=% AjirP). Thus, the total electric
field on the jth dipole is given by [25]
M
o' P=E; =By~ 2 Ay P,
I#j

(1)
where the electric field from the other M-1 dipoles is given by
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Dipole moment vectors for each dipole were calculated by solving
the 3M complex linear equations resulting from Egs. (1) and (2).
These calculated dipole moments and incident electric fields were
then used to calculate the extinction cross section of the nanopar-
ticle based on the optical theorem [26]
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where Ei*nc, ;is the complex conjugate of Ej,. ; and k=2mm/\ is the
wave vector. Here, m is the refractive index of the surrounding
medium and \ is the free-space wavelength of the incident light.
The extinction cross section is further normalized as the extinction

efficiency, Qexi=Cext(N)/ Coeom» Where Coeom is the particle’s
cross-sectional area projected onto a plane perpendicular to the
incident beam.

To describe the polarizability of the Au nanodisk, we approxi-
mate the nanodisk by an oblate spheroid for which the in-plane
polarizability is given as

_ vi(e; - &)

- Ent L(S] - Sm)

; )
where v, is the volume of the oblate spheroid, & is the dielectric
function of Au as per the Drude model, ¢,, is the dielectric con-
stant of the surrounding medium, and L is the geometrical factor
of the spheroid. We approximate the J-aggregate-covered Au
nanodisk by a core oblate spheroid of Au covered with a shell
layer of resonant molecules. The core-shell oblate spheroid has a
polarizability given by [26]
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where v, is the total volume of the core-shell oblate spheroid, f is
the volume fraction of the shell layer, LV and L® are the geo-
metrical factors of the core and core-shell spheroids, respectively,
and &, is the frequency-dependent dielectric function of the shell
layer of resonant molecules. &5, expressed as &,(w) to indicate the
frequency dependence, is given by the Clausius—Mossotti relation
[27]

3g,+2Na,,(w)

3e,- Na,(v) (©)
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where N is the number density of the molecules, ¢, is the vacuum
permittivity, ,,(w) is the frequency-dependent molecular polariz-
ability, and o is the angular frequency of the incident light. The
molecular polarizability is given by a one-oscillator Lorentz
model

2
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where ¢ is the static polarizability, w, is the resonant angular
frequency of the molecules, and I' is the inverse of the effective
excited state lifetime.

In our simulations, the Au nanodisk array was modeled as a
hexagonally arranged Au oblate spheroid array with a total spher-
oid number M of 492, which is large enough to ensure converged
results. The array had a period of 320 nm. The minor axis of the
spheroid was assumed to be 17 nm while the major axis was
changed between 100 nm and 125 nm so as to simulate the same
wavelength range found in the experiments. The entire spheroid
array was assumed to be embedded in homogeneous surroundings
with g,,=1.562. The value of ¢,, was estimated from the averaged
dielectric constant of air and glass (g,,=1 and ¢,,=2.124 for air
and glass, respectively), considering that each Au nanodisk in the
experiment was immobilized on a glass substrate with the upper
half of the disk exposed to air. The parameters in the Lorentz
model used to describe the dye molecule were chosen to match
the experimental absorption spectrum of the J-aggregates, i.e.,
0,=1.76 eV, Nay=3Xx10""4 and I'=0.01 eV. To reflect the
natural probe light used in the experiments, we averaged the ex-
tinction spectra over both p-polarized and s-polarized source light
in the simulations.
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3 Results and Discussion

Figure 1(a) shows a schematic of the fabrication procedure for
ordered Au nanodisk arrays. First, an Au thin film of controlled
thickness (~33 nm) was deposited onto a glass substrate. Sec-
ond, a self-assembled monolayer (SAM) of close-packed, mono-
dispersed polystyrene (PS) nanospheres (Duke Scientific, Palo
Alto, CA) was deposited onto the Au surface [28]. Third, O, re-
active ion etching (RIE) and Ar RIE were carried out to morph the
closely packed PS nanosphere monolayer into arrays of separated
nanoellipses and to selectively etch the portion of the Au film that
was not protected by the nanoellipses. Removal of the PS residues
with toluene left the Au nanodisks on the substrates.

The procedure for fabricating nanohole arrays in Au thin films
is given in Fig. 1(b). A SAM of PS nanospheres was formed on a
substrate, followed by O, RIE to tune the sphere size [29]. Au thin
film of controlled thickness was deposited on the substrate with
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Fig. 1 (a) Fabrication procedure for ordered Au nanodisk ar-
rays and (b) fabrication procedure for ordered Au nanohole
arrays
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Fig. 2 (a) A SEM image of Au nanodisk array, (b) schematic of measuring angle-
dependent spectra, (¢) angle-dependent spectra of bare Au nanodisk array, and (d)
angle-dependent spectra of array of nanodisk-J-aggregate complexes. The dashed line
curve is the extinction spectrum of J-aggregates.

the etched PS spheres acting as a mask. After removal of the PS
spheres via toluene/sonication, an Au thin film with highly or-
dered nanohole arrays was formed on the substrate.

Figure 2(a) shows a scanning electron microscopy (SEM) im-
age of a hexagonally arranged Au nanodisk array on a glass sub-
strate fabricated by NSL. The array’s period was 320 nm as de-
termined from the SEM images, which was consistent with the
original diameter of PS nanospheres. The corresponding experi-
mental setup that would be used to investigate the plasmon-
exciton resonant coupling in arrays of nanodisk-J-aggregate com-
plexes is given in Fig. 2(b).

Figure 2(c) shows the results of the angle-resolved extinction
spectra simulations from a bare Au nanodisk array. We can see
that the strong in-plane LSPR from the array made a continuous
redshift as the incident angle was changed from O deg to 65 deg.
The angle-resolved extinction spectra simulations for an array of
the nanodisk-J-aggregate complexes are shown in Fig. 2(d). The
strong in-plane dipole resonance of the bare Au nanodisk array
splits into two bands on adsorption of J-aggregates on the disk
surfaces, reflecting the resonant coupling between plasmons and
excitons. Similar to the bare nanodisks, we observe that the two
peaks continuously redshift as the incident angle is changed from
0 deg to 65 deg. The hybridization of plasmon resonance and
molecular resonance is more obvious when the dispersion curves
of the split LSPR peaks are plotted as a function of the LSPR peak
of the bare nanodisks obtained at the different incident angles.
Thus, by varying the angle of incident light, it is possible to ex-
plore the complete energy range necessary for examining the
plasmon-exciton hybridization by using a very small number (e.g.,
one or two) of samples.

Next, we examine the patterning of nano-/microparticles with
nanohole arrays as templates. Figure 3(a) shows the patterning
mechanism with Au nanohole arrays as templates; in this figure,
the capillary forces, which drag and confine the particles into the
Au nanoholes, are illustrated. In the capillary-force-based assem-
bly process, a certain volume of PS nanoparticle suspension is
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moved over the nanohole array by sliding a glass cover over the
substrate. PS nanoparticles are assembled from the three-phase
contact line of the receding meniscus.

As shown in Fig. 3(a), the capillary force F, is exerted on the
nanoparticles protruding through the liquid-air interface at a cer-
tain angle. When the meniscus moves over the flat regions of the
substrate, the horizontal component of F,. on the particles domi-
nates and pushes the particles toward the suspension, avoiding the
nonspecific adsorption on the flat region of the substrate. The
meniscus is deformed to have the vertical component of F. on the
particles dominant when approaching a hole. The vertical compo-

Fig. 3 (a) Schematic of working mechanism of patterning of
particles on Au nanohole array, (b) an optical microscopy im-
age of Au nanohole array, (c¢) a SEM image of Au nanohole
array, and (d) a SEM image showing the particles confined in
the holes
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nent can be strong enough to push the particles into the template
holes. The maximum number of particles in each hole depends on
the sizes of the holes and the particles as well as the concentration
of particle suspension. Figures 3(b) and 3(c) are the representative
optical microscopy and SEM images of the Au nanohole arrays
used as patterning templates. In these experiments, the original PS
spheres of a diameter of 1 wm were used. The RIE was carried
out for 8 min in O, gas at 20 sccm, 15 mTorr, and a power density
of 100 W. Figure 3(d) shows an SEM image of PS nanoparticles
of diameter 320 nm trapped inside the nanoholes.

4 Conclusion

In summary, we have successfully fabricated highly ordered Au
nanodisk and nanohole arrays on substrates using the NSL nano-
fabrication method. We demonstrate that the NSL-fabricated
nanodisk arrays exhibit angle-dependent LSPR properties and that
the angular dependence of the LSPR makes these nanodisk arrays
efficient, versatile platforms for better studying the plasmon-
exciton couplings in real time. We have also demonstrated micro-/
nanoparticle patterning based on the NSL-fabricated nanohole ar-
rays. We believe that with their significant advantages in cost,
simplicity, throughput, and performance, the NSL-fabricated
nanodisk and nanohole arrays will find applications in fields, such
as plasmonics, nanophotonics, micro-/nanofluidics, microarray,
and cell biology [17-21,30-37].
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