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Microscale Arrays of Nanoscale Holes**
Min Hyung Lee, Hanwei Gao, Joel Henzie, and
Teri W. Odom*
The observation of enhanced optical transmission (EOT)
through metal subwavelength hole arrays[1] has generated
significant interest in nanophotonics and contributed insight
into the interaction between light and materials at the nanoscale.[2–4] These fundamental studies have demonstrated that
rationally engineered surfaces can manipulate and focus
light well below the diffraction limit and have led to emerging applications in photonics[5–7] and chemical and biological
analysis.[8, 9] Metallic subwavelength hole arrays exhibit EOT
because surface-plasmon polaritons (SPPs) assist in coupling
incident light through the holes;[10, 11] the efficiency of this
coupling depends on several factors, such as the size of the
holes and spacing of the arrays,[12–15] the thickness of the
films,[16] the material composition of the film, and the refractive index of the surrounding medium.[15, 17] Transmission
through subwavelength arrays of rectangular and ovalshaped holes depends on the polarization of the incident
light;[18–21] under specific polarization directions, the transmissivity[22] can be higher for holes with higher aspect
ratios.[23]
Although most work has focused on subwavelength hole
arrays, where both the size of the holes and the spacing of
the array are subwavelength in scale, nanoscale holes patterned with microscale spacings (microscale arrays) are becoming important for understanding in detail the optical
properties of nanostructured metallic surfaces.[3, 24] Here we
report how microscale arrays of nanoholes can exhibit
narrow resonance features in their transmission spectra with
a full width at half-maximum (FWHM) of < 15 nm. These
structures—the hole–hole spacing of which is greater than
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the wavelength of incident light—show unique spectral characteristics compared to subwavelength hole arrays because
of high-order Bragg coupling. Angle-resolved transmission
spectra displayed in the form of dispersion diagrams confirmed the complexity of the zero-order transmission spectra
and were in excellent agreement with predicted models.
Furthermore, anisotropic nanoholes patterned into different
lattice geometries displayed different transmission spectra
and striking, tunable polarization-dependent colors. Singlehole spectroscopy revealed that the polarization-dependent
transmittance was dominated by SPP rather than localized
surface plasmon (LSP) modes for anisotropic holes.
Figure 1 depicts microscale arrays of nanoholes with different shapes in free-standing 170-nm-thick gold films created by a nanofabrication technique called PEEL (a combination of Phase-shifting photolithography (PSP), Etching,
Electron-beam deposition, and Lift-off of the film).[24, 25] As
reported previously, circular nanoholes[3, 24] were generated
starting from circular photoresist posts made by two sequential exposures through a poly(dimethylsiloxane) (PDMS)
mask of bas-relief lines 2 mm wide spaced by 2 mm; the
second exposure was carried out after the line mask was rotated an angle f= 908.[26] Anisotropic holes with high aspect
ratios can be generated by performing the second exposure
of the PSP step with f= 458 or 158 to produce photoresist
posts shaped like ellipses or high-aspect-ratio structures, respectively. The posts were then transferred into gold films
perforated with arrays of anisotropic holes by carrying out
the remaining steps of the PEEL procedure. This approach
can produce holes with sharp corners, features that are difficult to construct using focused ion beam (FIB) milling,[1, 20, 27]
the most common method to fabricate subwavelength hole
arrays.
Circular holes with a 250-nm diameter were constructed
in a square array (f= 908, Figure 1 a); 145-nm = 500-nm elliptical holes were created in a diamond array (f= 458,
aspect ratio of 3.5, Figure 1 b); and 90-nm = 950-nm slitlike
holes were fabricated in a sharp-diamond array (f= 158,
aspect ratio of 10.5, Figure 1 c). The shortest distance between holes in these different array structures for any hole
shape was approximately 2 mm (defined as 2-mm arrays),
and the fractional areas occupied by the holes were 1.18 %,
0.87 %, and 0.24 % for circular, elliptical, and slitlike hole
arrays, respectively. As a result of the lithographic procedure, arrays of elliptical and slitlike nanoholes exhibited two
slightly different shapes (Figure 1 b, c, insets). After drying
on glass substrates, gold films perforated with arrays of
nanoholes were remarkably smooth and highly uniform
over areas greater than one square inch (Figure 1 d).
To delineate between contributions of individual holes
and hole–hole interactions in the transmission, we analyzed
the transmittance of single nanoholes on a spacing of 25 mm
(defined as 25-mm arrays) and arrays of nanoholes patterned
on a smaller spacing of approximately 2 mm (Figure 2).
Holes separated by 25 mm can be considered isolated since
this distance exceeds the SPP propagation length at the
gold/air interface.[3] We performed single-hole spectroscopy
by collecting the transmission from a single hole (area focused onto spectrometer  2 mm2) under white-light illumi-
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Figure 1. Nanohole arrays in 170-nm-thick gold films perforated with
a) circular, b) elliptical, and c) slitlike holes. d) Optical micrographs
of a large-area, free-standing gold nanohole film placed on a glass
substrate.

nation at normal incidence. These zero-order spectra were
converted to transmittance to determine the ratio between
the light transmitted through the holes and the light impinging on the holes.[3] Figure 2 a indicates that light transmitted
through an isolated, circular hole supports a broad localized
surface plasmon (LSP) or hole resonance[18] around 650 nm.
Polarization-dependent measurements revealed that the circular holes in 25-mm arrays were slightly asymmetric.
In contrast to isolated holes, circular holes in 2-mm
arrays exhibited markedly different optical transmission
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Figure 2. Transmittance of a) isolated holes (25-mm arrays) and
b) arrays (2-mm) of 250-nm circular holes under illumination of light
with different polarizations. The insets are scanning electron microsACHTUNGREcopy (SEM) pictures of the holes in the gold film, which is in contact
with glass on one side and air on the other. Representative SPPBloch wave modes are labeled as (j i j , j j j ). The white box in (b)
depicts the unit cell of the circular hole arrays. c) Dispersion diagram
of circular hole arrays in (b) as a function of incident angle under ppolarized light. Calculated dispersion curves of SPPs at the air/gold
interface are superimposed on the diagram in gray. The curves corresponding to the modes indicated in (b) are in bold.

characteristics (Figure 2 b). Noticeably, the microscale spacing of the array produced ultra-narrow features in the transmittance (some had FWHM of < 15 nm) compared to subwavelength hole arrays in the visible wavelength range.[11, 28]
The origin of these peaks can be explained by high-order
Bragg modes, which can be understood from the equation
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for zero-order SPP Bloch waves ACHTUNGRE(SPP-BWs):[11]
a0
ﬃ
lSPP ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
i þ j2

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
eAu ed
eAu þ ed

ð1Þ

To apply this relation to our system of microscale arrays,
we considered a square lattice with spacing of a0 = 4 mm (the
unit-cell size, since the two sets of spacings are 1.8 mm and
2.2 mm), and where i and j are integers corresponding to the
mode order along the two lattice directions, eAu is the wavelength-dependent dielectric constant of Au,[29] and ed is the
dielectric constant of the surrounding dielectric material (air
or glass). In the case of our hole arrays where the lattice
constant a0 = 4 mm, the SPP-Bragg coupling modes are constrained by 17  (i2 + j2)  58 at the gold/air interface and
40  (i2 + j2)  200 at the gold/glass interface in the range of
550–950 nm. That is, high-order SPP-Bragg coupling are expected with microscale arrays.
Angle-dependent transmission spectra of circular holes
in 2-mm arrays were acquired to understand the origin of
these complex spectral features. Transmission spectra were
collected with incident excitation angles ranging from 08 to
508 in 0.58 increments under p-polarized light and displayed
as grayscale graphs in the form of dispersion diagrams (Figure 2 c). Superimposed on the dispersion diagrams are the
calculated dispersion curves of SPP-BWs on a two-dimensional (2D) square grating at the air/gold interface with a0 =
4 mm using Equation (1). The trends in peak evolution as a
function of angle in the experimental data are in good
agreement with the theoretically predicted SP dispersion
curves, which verifies that the complex and sharp features in
the zero-order transmission can be attributed to SP coupling
on a microscale lattice.[11] Although more sophisticated theoretical approaches have been used to simulate the interaction between light and nanoholes or nanoslits,[30–32] Equation (1) with a microscale lattice spacing reproduces the
major SPP peak trends reasonably well.
We also changed the refractive index of the dielectric
material on the top surface of the gold film (superstrate)
from n = 1 (air) to n = 1.525 to create a uniform dielectric
environment around the nanohole arrays using an immersion oil. Because the refractive index of the glass substrate
is 1.523 and close to that of the oil, the film can be considered effectively free-standing. Noticeably, Figure 3 shows
that the normal incident transmission spectra has wider
peaks, and the dispersion diagram appears more complicated than those in Figure 2. There are two primary reasons
for these differences: 1) For films surrounded by materials
of different refractive index, such as a glass substrate and
air superstrate, the measured dispersion diagrams revealed
that SP coupling at the air/gold interface dominated and
lower-order Bragg modes were present; and 2) for films surrounded by the same index materials as the glass substrate,
the air/gold peaks were removed but the number of glass/
gold peaks increased according to Equation (1) and higherorder Bragg modes resulted in complex and merged peaks.
Circular nanohole arrays illuminated with unpolarized
or polarized white light transmitted color that appeared yellowish white; no noticeable difference in the transmitted
small 2007, 3, No. 12, 2029 – 2033

Figure 3. a) Zero-order transmittance of 2-mm arrays of circular holes
that are effectively free standing, where the oil superstrate is indexmatched to the glass substrate. Representative SPP-Bloch wave
modes are labeled as (j i j , j j j ). b) Dispersion diagram of circular hole
arrays in (a) as a function of incident angle under p-polarized light.
The calculated SPP dispersion curves at the glass/gold interface are
superimposed in white. The curves corresponding to the modes indicated in (a) are in bold.

color was observed under polarization because of the symmetry of the holes. In contrast to circular hole arrays, elliptical and slitlike hole arrays exhibited dramatic color changes
tunable from green to red as the polarization direction of
the incident light rotated from q = 08 to 908, where q is the
angle between the long axis of the hole and the polarization
direction of the incident light. For elliptical hole arrays, the
color of the transmitted light changed from green (q = 08) to
bright greenish-red (q = 458) to red (q = 908; Figure 4 a–c).
Although the net colors from slitlike holes were slightly different from elliptical holes, the same trends in color were
observed: at q = 08, the transmitted light was green; at q =
458, the holes transmitted greenish orange; and at q = 908,
the holes appeared reddish orange (Figure 4 d–f).
To gain insight into the dramatic color changes observed
under different polarizations for anisotropic holes, we performed single-hole spectroscopy on elliptical and slitlike
holes in 25-mm (i.e., isolated holes) and 2-mm arrays
(Figure 5). Isolated elliptical and slitlike holes exhibited
single, broad peaks at lmax = 750 nm and 730 nm at q = 908,
which can be attributed to LSP resonances (Figure 5 a, d).
The transmittance was significantly higher at q = 908 compared to q = 08: 21  3 times for elliptical holes and 50  4
times for slitlike holes. Similar to circular holes, anisotropic
holes patterned into 2-mm arrays (now with a very complicated unit cell) exhibit complex spectral features in transmission. For elliptical holes, the intensities of SPP-peaks
ranging from 550 and 800 nm were much higher than the
bulk gold plasmon peak near 500 nm; hence, light from elliptical holes appeared red at q = 908. The pronounced SPP
peaks decreased when q = 458 and finally disappeared (or
became very weak) when q = 08, and thus the light from the
holes appeared green. Also, at lmax = 750 nm, the transmittance at q = 908 (D) was 35  5 times larger than that at q =
08 (*, Figure 5 b, c). For slitlike hole arrays, the transmittance at lmax = 730 nm was 27  3 times larger for q = 908 (D)
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mittance of isolated nanoholes, the difference between
the transmittance of an isolated hole, Tsingle (i.e., in a 25-mm
array) and the transmittance
of a hole in an array, Tarray
(i.e., in a 2 mm array) can be
attributed to SPPs. The ratio
of SPP versus LSP contributions to the transmittance can
be calculated according to
TSPP Tarray Tsingle
¼
TLSP
Tsingle

ð2Þ

For anisotropic holes in a
2-mm array, the polarizationdependent transmittance is a
combination of SPP and LSP
Figure 4. Bright-field optical micrographs of different colors transmitted by anisotropic nanohole arrays
contributions; the latter are
under different polarizations of incident light. Transmission from elliptical hole arrays: q = a) 08, b) 458,
similar in intensity to that of
and c) 908 polarizations. Transmission from slitlike hole arrays: q = d) 08, e) 458, and f) 908 polarizaisolated holes (Figure 5 a, d).
tions.
We discovered that the SPP
contribution in our 2-mm
arrays was 5–6 times greater
than that from LSPs (at q =
908). We propose that this
amount can be increased by
controlling the spacing between and the symmetry of
the holes. Although coupling
between SPPs and LSPs in
films with randomly arranged
circular holes has been reported,[33] here we have provided important quantitative
comparisons between the relative strengths of these two
types of plasmon excitation
for anisotropic holes.
The polarization-dependent EOT factors were determined by comparing the
Figure 5. Polarization-dependent transmittance of anisotropic holes in 25-mm and 2-mm arrays. Left
transmittance of a hole in a 2figure: transmittance of a) an elliptical hole in a 25-mm array, b) a symmetric elliptical hole in a 2-mm
mm array to an experimental
array, and c) an asymmetric elliptical hole in a 2-mm array. Insets indicate that some SPP peaks were as
isolated hole when q = 908.
narrow as 10 nm FWHM. Right figure: transmittance of d) a slitlike hole in a 25-mm array, e) a symmetric
The maximum EOT factor
slitlike hole in a 2-mm array, and f) an asymmetric slitlike hole in a 2-mm array under unpolarized (solid
for arrays of circular holes
line), and polarized illumination (*: q = 08, &: q = 458, and D: q = 908).
was
17.5
(lmax = 610 nm),
which is two times higher
than what we reported previously for similar hole arrays
compared to q = 08 (*, Figure 5 e, f). Interestingly, the
under wide-angle illumination.[3] We believe that this ensubtle structural differences between the two hole shapes
within 2-mm elliptical (Figure 5 b, c) and slitlike (Figure 5 e, f)
hancement increase is caused by lower angular divergence
hole arrays could be resolved by single-hole spectroscopy.
of illumination since transmission under light at normal inciTo determine the relative contributions of LSPs and
dence is more efficient than incident light at an angle. The
SPPs on the polarization-dependent transmission, we comEOT factors for elliptical holes in a diamond array and slitpared the transmittance from a single hole within a 25-mm
like holes in a sharp diamond array were found to be aparray to a single hole within a 2-mm array. Because LSPs are
proximately 6.1 (lmax = 750 nm) and 6.7 (lmax = 730 nm).
primarily responsible for the polarization-dependent transNote that we cannot directly compare the EOT values of
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the three different holes based only on shape or aspect ratio
because the array structures (e.g., periodicity and symmetry) are quite different.
In conclusion, we have demonstrated that microscale
arrays of nanoholes in metal films exhibit very narrow plasmon resonances at visible wavelengths from high-order
Bragg coupling. Such active optical substrates are of intrinsic scientific interest and provide new opportunities to
1) probe how light can interact with subwavelength features
separated by several micrometers. Because refractive-index
sensitivity is determined by the shift of the SP resonance divided by its width (FWHM),[34, 35] the production of SP
peaks as narrow as 10 nm in our microscale arrays offers exciting prospects to measure very small changes in refractive
index; 2) explore how different SP modes shift as the polarization of light changes. Such tunable SP modes and colors
generated from a microscale array could potentially be
useful in selectively enhancing specific dyes within a mixture; 3) evaluate the intensity of the localized electric fields
at the sharp corners of the slitlike holes. Such enhanced
fields may result in large surface-enhanced Raman spectroscopy responses and improve detection of small numbers of
adsorbates.

Experimental Section
Optical transmission measurements: Zero-order transmission
spectra were recorded using an inverted optical microscope (TE2000U, Nikon) coupled to an imaging spectrometer. White light
(100 W halogen) was incident normal (divergence angle  48) to
gold nanohole films supported on glass slides, and the transmitted light was collected with a 100 9 objective lens (NA = 0.5) and
then focused on to a Czerny-Turner spectrometer (Triax 552/LN2Cooled CCD, Horiba Jobin Yvon, Inc.). For single-hole spectroscopy, we collected the transmission and integrated for 50 s from
an area of  2-mm2 (with the hole in the center region) using a
CCD. Angle-resolved transmission spectra were measured using
a linearly polarized, collimated (divergence < 0.48) white-light
source. The diameter of the illumination spot on the gold hole
array film was 1 mm. A rotational stage was used to vary the incident angle from 08 to 508 in 0.58 increments and to ensure
that the collection angle was the same as the incident angle.
The transmitted light was collected and coupled into a bundled
optical fiber connected to the same spectrometer used for
single-hole spectroscopy.
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