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ABSTRACT

A flexible and parallel procedure to generate large-area, free-standing films of subwavelength hole arrays has been demonstrated. This method
is materials-general, and multilayered films of different materials were constructed. The optical quality of these films was tested using a
near-field scanning optical microscope, which revealed the formation of surface plasmon standing wave patterns that were consistent with
numerical simulations. Because the properties of the holes and the film materials can be easily tailored, new types of plasmonic and photonic
devices can be envisioned and tested.

The observation of enhanced transmission through subwavephotolithography (PSP};*2although the procedure is readily
length hole arrays has generated considerable interestapplicable to masters prepared by other methods. (2) Paral-
worldwidel? These arrays make possible new fundamental lelism: Poly(dimethylsiloxane) (PDMS) is cast against a
studies of surface plasmon (SP) interactions with periodic master to form an elastomeric mask, which will be used
structure$ > and novel technologies, including spectroscopi- repeatedly to fabricate arrays of structures in the first step
cally based chemical and biological sensors and photonicof the process. Our method creates all the holes in the array
devices’®® The most common method to fabricate hole simultaneously rather than by drilling through a film one
arrays is focused ion beam (FIB) milliiga serial and low  hole at a time. (3) Simplicity: The strategy uses widely
throughput approach that can control the diameter and available lithographic techniques such as photolithography,
spacing of the holes with reasonable precision. Free-standingyet chemical etching, and e-beam deposition. (4) Flex-
suspended films have been fabricated by FIB and reactivejpjlity: Multilayered films of hole arrays consisting of noble
ion etching, but the generation of multilayered films is metals and magnetic materials can be fabricated with
challenging and laborious and has been limited to only a exquisite control over the thickness of each layer.

few metals” No techniques have been developed for Large-area films of subwavelength hole arrays were

producing ciptlcal ?hualltg hzle grra]é/s n a par'allel fash|3n, repared in several steps (Figure 1A). First, a nearly square
over areas farger than hundreds ol square microns, an qu%rray of 250-nm circular posts in positive-tone photoresist

of mul_t|_p_le materials. The increased access to fi.nd expand_e as patterned on a Si (100) wafer using PSP and a PDMS

capabilities of these nanostructured films are critical for their L :

use in practical photonic devices and in biological and mask, followed by the e-beam deposition of a thin layer of
b P 9 Cr. After the photoresist was removed, the Cr film was left

chemical sensing applications. , X .
We have developed a flexible approach to construct large- perforated with round h.OIGS -havm_g very smooth edg@sis
Cr layer has two functions: (1) it serves as a template for

area, free-standing films of subwavelength hole arrays andth hol tterns in the metallic films. and (2) it serv
have demonstrated their high optical quality. Our procedure € Nole patierns € metatlic S, & ( ) itserves as a
has four key advantages over current methods: (1) Use ofSacrIfICIaI I_a yer to .create free-standmg films. Next, t.h €
masters: Masters are high-quality patterns from which many e?(posed Sl was amsostroplcal_ly etghed to form pyramldql
low-cost copies can be duplicated. We used inexpensiveplts 'beneath the' Cr hoIe.s. ThIS.VOId. beneath the holes is
masters patterned with arrays of subwavelength features inCrUCIaI for allowmg relatively thick films to _be greated.
photoresist over 1 idthat were generated by phase-shifting E~P8am évaporation was then used to deposit a single metal
or multiple materials of desired thickness (as thick as 500

* Corresponding author. E-mail: todom@northwestern.edu. nm) onto the patterned Cr film. By etching away the Cr film,
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* Northwestern University. the metallic film of hole arrays was detached from the Si

§ Argonne National Laboratory. substrate (Figure 1B). The free-standing films were then
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Figure 1. Fabrication and structural characterization of large-area
hole arrays. (A) Preparation of free-standing films of subwavelength
hole arrays. (B) SEM image of a portion of a free-standing 100-

nm Au film perforated with 250-nm holes. Scale bar: 500 nm. (C) 3
Optical micrograph of-1-in? free-standing film placed on a glass s
substrate. (D) and (E) SEM images of representative areas of the ﬁ
film illustrating the uniformity of the patterning. The holes are ]
spaced 1.6« 2.4um. Scale bar: 2m. z
% 1
rinsed several times in Milli-Q water and placed on a glass 0 500 1000 1500 2000 2500 3000

cover slip to dry. Figure 1C depicts an optical micrograph X (nm)
of a 100-nm thick Au film perforated with 250-nm holes Figure 2. Near-field and far-field optical images and calculations.

spaced 1.6< 2.4 um apart; different, representative areas (A) NSOM optical image of holes in a 100-nm Au film on glass.

imaged by scanning electron microscopy (SEM) indicate that The image was acquired at a 280200 pixel resolution at a 5-ms/
this large-area array of holes is nearly defect-free (Figure pixel scan rate using an Al-coated probe (tip aper&r&0 nm;

1D,E). Unlike most hole arrays fabricated by FIB, the overall Veeco) with an unknown, but fixed, polarization. Scale bauni

topography of these large-area films is flat and very uniform. (B) Calculated near-field SPP standing wave pattern at the Au/air
pography 9 y interface for a given NSOM tip position for four 200-nm holes in

To test the optical quality of these films, we investigated 5 1 g 1.6 um array on a 100-nm Au film supported on glass.
their properties using near-field scanning optical microscopy Scale bar: 500 nm. (C) Calculated far-field intensity transmitted
(NSOM). Optically thick Au films having 250-nm holes, into the glass substrate of four holes based on separate calculations
sitting on a glass substrate, were analyzed using an NSOMWith the NSOM tip at different positions along the scan line

L S . ) - - indicated in panel D below. The fringe spacing/gf, ~ Aspd2 is
(Aurora Ill) in illumination mode with Al-coated optical fiber present but is relatively smaller in amplitude compared to the

probes. Light (excitation ngeleng_thtex) from a 633-nm  {ransmission through the holes. (D) Cross-section of two neighbor-
HeNe laser or an 800-nm Ti/sapphire laser was coupled intoing holes from panel A. The standing waves between the holes

the fiber tip near the air/Au interface, and the transmitted have a period ofsy ~ 322 nm.

light into the glass substrate was collected in the far-field

with an avalanche photodiode. Although far-field light local illumination of 633-nm light, a 100-nm thick Au film
intensity is collected, the optical image, constructed by (Figure 2A) exhibited enhanced transmission at the holes,
plotting this light intensity as a function of the probe position, which can be attributed to the localized SPs (LSPs) of the
provides information about near-field phenomena. Under holes coupling resonantly with the incident light. Interest-
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ingly, fringes reminiscent of standing wave patterns were
observed between adjacent holes.

Our results indicate that light from the NSOM tip is locally
exciting surface plasmon polariton (SPP) waves on the film
surfaces*'5To verify the role of SPPs, we carried out three-
dimensional Finite-Difference Time-Domain (FDTD) simu-
lations in a manner similar to those of refs 5 and 15, in which
further technical details may be found. The calculations
involved a 100-nm Au film with four holes in a square array
(1.6.um center-to-center distance) with air above and a glass
substrate below. We also included a model of the NSOM
tip, similar to that used in previous calculatidhdut in
illumination mode. The incident wave was a fundamental
TM11 mode of the NSOM fiber core that was launched from
the upper part of the tip. SPP waves were generated not only
on the top Au/air interface, but also on the bottom Au/glass
interface by the NSOM tip because of the finite thickness
of the metal film. The SPPs exhibited a &pslependence
in intensity along the polarization direction of the incident
wave. At each NSOM tip location, the far-field signal was
calculated as the surface integral of the Poynting vector in
the downward direction, at a distance away from the Au/
glass interface. The near-field pattern was plotted as the total
electric field intensity on the Au/glass interface.

We found that fringes in the calculated near-field intensity
appeared on both the top and the bottom (Figure 2B) metal
surfaces because of the interference between the SPP waves
generated by the tip and the SPPs reflected by the holes.
These standing wave patterns were most pronounced when
the NSOM tip was located over a position of the SPP wave
that corresponded to the maximum intensity. The fringes
produced by the standing wave in the near-field should lead,
in the far-field, to intensity maxima with a periods() that
is approximately half of the SPP waveleng#tyfp = 603
nnr) at the Au film/air interface (Figure 2C); indeed, fringes
with Asw ~ 322 nm (roughlylspd2) were measured in the
experiment (Figure 2D). The slight difference in the mea-
sured period of the fringes and the calculaiggd2 is not  Figyre 3. NSOM images of 50-nm Au films with 250-nm holes
surprising because the fringe pattern follows a Bessel that were illuminated using (A)ex = 633 and (B,C)lex = 800 nm
function versus position rather than a €@snction® Thus, light. The use of longer wavelength light effectively increases the
e frst few peaks have a someuratlonger peak o peaki %S 11 1o e 007 SO e L e
dI.Stance' Note that each point of the th'eoretllcal result in Polarization is parallel to the Iight from the tip. (C) PoIarizatiF())n is
Figure 2C represents a separate calculation with the NSOMperpendicular to the light from the tip. All scale bars:uh.
tip at a different position.

A more quantitative understanding of the NSOM images of the fringe pattern will decrease significantly or disappear
requires consideration of both the near-field excitation of which is what we observed in 50-nm Au films (Figure 3A)
the hole and the SPP standing waves surrounding the holeusingiex = 633 nm. We were able to recover faint fringes
When SPP waves encounter a hole, they are partiallyin this 50-nm film usinglex = 800 nm because less light
reflected back, which leads to standing wave formation, and can penetrate through the Au film at longer wavelengths.
partially converted into far-field light. LSP resonances at the Moreover, we selected polarization directions that were
holes are also excited, and, if the incident light is close to relative to the unknown, but fixed, polarization of the tip by
such a LSP resonancé.{ ~ A.sp), far-field scattering is placing a polarizer after the film and before the detector. In
enhanced. This scenario describes what we observed in thehis way, we observed how the orientation of the fringe
100-nm Au film on glass with 250-nm holes (Figure 2A), patterns changed at different polarizations (Figure 3B,C).
for which .sp ~ 630 nm, which is close téex = 633 nm® To provide further evidence that the formation of the fringe
As the film thickness is decreased, light transmitted directly patterns is a result of interfering SPPs, we prepared and
through the film will, in the far-field, dominate over that analyzed films of subwavelength hole arrays constructed
coming from SPP scattering at the holes, and the amplitudefrom layers of different metals, namely, Au and Ni (Figure
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Figure 4. Structural and optical properties of bilayered and multilayered films. (A) SEM image of holes in a Au/Ni (50 nm/50 nm) film.
The tilt angle is 38. Scale bar: 200 nm. (B,C) NSOM images of a Au/Ni film with polarization that is parallel and perpendicular to the
light from the tip, respectively. The arrows indicate the direction of polarization; the direction of the fringes rotates along with the changes
in polarization. Scale bars: Am. (D) SEM image of 200-nm holes in a Au/Ni/Au (40/20/40) film. The tilt angle i§.Z5cale bar: 200

nm. (E) Cross-section of two neighboring holes in a 40/70/40 film imaged underdgcal 633 and 800 nm light. The periodg() of the

SPP standing wave between the holes increases as the excitation wavelength increases.

4A,D). We chose Ni because it exhibits a complex dielectric is ~Aspd2 at this excitation wavelength (Figure 4E) and
constant that is different from Au in the wavelengths of our consistent with our theoretical model.

experiment® and because it can function as an absorbing This letter has shown a materials-general procedure to
layer. A 100-nm thick bilayer film made of 50-nm Au and prepare subwavelength hole arrays of any size and with a
50-nm Ni (Au/Ni; 50/50) was tested in the NSOM in two broad range of possible patterns, depending on the master.
different configurations. In the first case, the film was placed In this study, we used inexpensive masters with cylindrical
on a glass substrate with the Ni side facing up (the Au side features spaced on the order of a micron. Work on fabricating
was against the glass). No fringe patterns were observedfilms of hole arrays from more sophisticated masters, with
because no SPPs were excited in the Ni film. In the secondfeatures spaced less than 500 nm, is underway. This
case, the bilayer film was placed on the glass with the Au technology provides a flexible strategy to create large-area
side facing up, and standing wave patterns were observedilms of high optical quality, the properties of which can be
between the holes. We also investigated their dependencduned for sensing and device applicatiomespecially those

on polarization (Figure 4B,C), and the directional dependencethat combine SPPs for signal propagation with LSPs for
of the patterns clearly supports that the standing waves cancoupling to and from the far-field. Furthermore, these films

be attributed to SPP propagation combined with scattering &llow néw applications of short wavelength plasmons (e.g.,
from the holes. in aluminum) and versatile metal/dielectric composites for

In addition, we constructed films of hole arrays consisting negative index applications at optical frequencies.
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