Metallic Membranes with
Subwavelength Complementary
Patterns: Distinct Substrates for
Surface-Enhanced Raman Scattering

Qingzhen Hao,™** Yong Zeng,** Bala Krishna Juluri,* Xiande Wang,® Brian Kiraly,* I-Kao Chiang,*
Lasse Jensen,' Douglas H. Werner,S Vincent H. Crespi," and Tony Jun Huang**

"Department of Physics, Department of Engineering Science and Mechanics, *Department of Electrical Engineering, and "Department of Chemistry,
The Pennsylvania State University, University Park, Pennsylvania 16802, United States. “These authors contributed equally to this article.

ince its discovery in the 1970s,"? sur-
face-enhanced Raman scattering (SERS)
has attracted a great deal of attention
in the chemistry, physics, materials science,
and life science communities (see ref 3 and
the references therein). A combination of
metal-molecule chemical effects and intense
enhancement of localized electromagnetic
fields around metallic nanostructures** can
increase the cross section of Raman scatter-
ing, matching or even exceeding that of
linear Rayleigh scattering.~® A wealth of SERS
substrates have been introduced, such as
arrays of metallic nanoparticles or thin metal-
lic films with subwavelength patterns.'®~2°
According to Babinet's principle,?' an
array of metallic nanoparticles and the
complementary array of holes have nearly
complementary linear optical spectra un-
der illumination with parallel and trans-
verse polarizations, respectively. In fact,
maximal transmission in the hole array
occurs nearly at the position for the extinc-
tion peak of the complementary particle
array, as confirmed by our recent experi-
mental study.?? In this work, we present a
detailed comparison of the SERS signals
from gold nanoparticle arrays and their
complementary hole arrays. Using an anal-
ytical model for the local field enhance-
ment, we show that the SERS enhancements
of the hole arrays are closely related to their
transmission spectra. This trend is confirmed
experimentally and characterized by a cos” 6
dependence of the SERS signal on the ex-
citation polarization angle 6. The particle
arrays, on the other hand, exhibit quite dif-
ferent behavior because of the existence
of considerable evanescent modes in the
near field. Their maximal local field gains
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ABSTRACT We present a detailed comparison of surface-enhanced Raman spectroscopy (SERS)

signals from metallic nanoparticle arrays and their complementary hole arrays. Using an analytical

model for local field enhancement, we show that the SERS enhancements of the hole arrays are

closely related to their transmission spectra. This trend is experimentally confirmed and

characterized by a cos* & dependence of the SERS signal on the excitation polarization angle 6.

The particle arrays, on the other hand, exhibit quite different behavior because of the existence of

considerable evanescent modes in the near field. Their maximal local field gains appear at

wavelengths generally much larger than their localized surface plasmonic resonant wavelengths.
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appear at wavelengths generally much lar-
ger than their localized surface plasmonic
resonant wavelengths.

RESULTS AND DISCUSSION

Several enhancement mechanisms are
generally involved in SERS. Here we
concentrate exclusively on the electro-
magnetic enhancement mechanism.?3~2¢
Note that the complementary structures
have very different mechanisms for en-
hancing the local electromagnetic field.
Localized surface plasmonic resonances
(LSPRs) are usually excited for particle
arrays, and these resonances will result
in strong reflections.?*?” 32 The underly-
ing physics of subwavelength hole arrays
in metallic membranes, on the other hand,
is quite complicated and generally in-
volves localized or propagating surface
plasmons and waveguide modes.>* 3> To
simplify the notation in this paper, we will
name all these different mechanisms uni-
formly as shape resonances and denote
the corresponding wavelengths as ;.
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To measure the degree of local field enhancement,
we define a local field gain g(wx) as®

2
El(w, x)

Eex(w, X) M

glw, x) =

with E; and E, being the local field and the external
excitation field, respectively. Ilgnoring any polarization/
surface selection rule effects, the SERS enhancement
G(wexX) is approximated to be g(weyX) glw,x), with
wex and w, representing the excitation and the corre-
sponding Raman frequency, respectively.® Further as-
suming the molecules are uniformly distributed on the
surface of the array, we can define an averaged func-
tion f,(w) to characterize the optical properties of the
substrate.

/2 d/2
flo) = 5 / d/2 dx/ d/2 i
where d is the lattice spacing of the array, x = (x,y,07),
and f, can be either g, or G,. Moreover, we denote the
position of maximal g, and G, as 4. and 4,,, respec-
tively. Generally 1, should be on the higher energy
side of ;.2
To estimate the local field enhancement g, we
consider a free-standing structure consisting of a
square lattice of metallic elliptical particles arranged
in the xy plane (note that the following analysis can be
extended to hole arrays as well). The two axes of the
elliptical particles and the two primitive vectors of the
square lattice are assigned to be parallel to the x and y
directions, respectively; see Figure 2d. The substrate
therefore has two planes of mirror symmetry. The
incident plane wave is further assumed to be e°%e,,
with ko = 277/ being the free-space wavenumber and 4
being the excitation wavelength. Consequently the
polarization current inside the metal obeys the follow-
ing symmetry properties:

(2

L y) = Kx, —y), Jyxy)

= =L =y, LKy = —Jx —y) (3)

The resultant scattering electric field can be expressed
in the form

—ZoASmn
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with Zy = (uo/eo)'”? being the free-space intrinsic
impedance. The wave vector of the (m,n)-order scat-

tered wave is given by
kKnn = mkge, +nksey = Kmne,
Kmn = 1/k& — ki(m? 4+ n?) (5)

with kg = 27t/d. The positive sign of «,,, corresponds to
forward scattering, or a transmitted wave, and the
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negative sign represents backward scattering, or a
reflected wave. Moreover, the contribution from one
unit cell of the substrate can be written as

d/2 d/2
Son = 4/ dy/ dx/ dz'J e ~kmn 22

cos(mkgyx') cos(nkgy’) (6)

with h being the thickness of the metallic film.

Notice that the lattice constant d of our samples is
about one-half of the excitation wavelength 4, which
results in koo = ko for the zero-order wave and «,,,, ~
ika(m? + n?)'"* for all higher order waves. Under these
conditions the function e ™= that appears in the
integrand of eq 6 is an exponentially decaying function
of Z when m or n is not zero. As a result, the current
closetothez=0" plane contributes significantly to the
non-zero-order S,,, of the reflected wave, while the
current near the z = h plane can be neglected. This
effect will result in a remarkable difference between
the near field and far field.3*~3® Because the current
distribution inside the metal is strongly affected by the
imaginary part of its permittivity, we can imagine an
effective substrate with a larger Im & and hence a
smaller skin depth to qualitatively estimate the differ-
ence between the near and far field. We would expect
the wavelength of the maximal g, to be longer than the
shape resonant wavelength A, because a larger value
of Im & implies a longer wavelength for gold in the
optical regime.*® This red shift of the maximal g, has
been found numerically for a gold sphere as well as an
array of cylindrical gold particles.3®

As a rough approximation, we assume the local
fields at the z = 0~ plane are dominated by the
combined zero- and first-order scattering waves. The
zero-order wave reads as

E(O) _ (7)

2d2500ex = rey

where r represents the classical Fresnel reflection
coefficient. The first-order wave, including (£1,0) and
(0, = 1) waves, can be approximated as

Zo 22

EV ~
T 2d2 d

[cos(kdx)ex + sin(kgx)e Z]Sm (8)
Notice that the factor 21/d can be much larger than
unity for substrates that contain subwavelength pat-
terns. Furthermore, the transverse dimensions of the
substrate's unit cell may have a profound influence on S,
To demonstrate this, we assume the current inside the
metal is a slowly varying function of x’, which nearly
holds in the electrostatics regime. Note that the do-
main of the function cos(kgsx’) that appears in the
integrand of eq 6 spans the range nearly from 0 to d/2
for the hole structure. The corresponding integration
therefore contributes to S;o destructively, which
further results in a negligible first-order wave. Similar
arguments can be extended to higher order S,,,, terms
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Figure 1. Scanning electron microscope (SEM) images of
one set of complements. The major axis of the particle/hole
is 180 nm, and the minor axis is 120 nm. Scale bar represents
300 nm. Schematic of the sample is shown in the inset. 1 nm
chromium is used as an adhesion layer.

for hole arrays. Therefore, the resulting local fields are
characterized by the zero-order wave exclusively. By
adding the external illumination field, we can write the
total local field as re, + e, ~ te,, where t represents the
transmission coefficient.3® The approximation is valid
because (1) the wavelength of the normally incident
lightis much larger than d as well as (2) the thickness h
is much smaller than 4 so that retardation effects can
be neglected.*® As a result, the local field gain will be
closely related to the linear transmittance |t(w)[*.

We fabricate three sets of complements, i.e., arrays of
subwavelength gold particles and subwavelength holes
in thin gold films. One set of complements is shown in
Figure 1. The unit cells are arranged in square lattices with
a lattice constant of 320 nm. The constituent particle is
an elliptical cylinder, with a minor axis of 120 nm, a
thickness of 70 nm, and a variable-length major axis.
Details regarding the fabrication can be found in ref 22.

Figure 2 summarizes our results regarding the sub-
wavelength hole arrays. In all the measurements, the
incident plane waves are y-polarized and propagate
along the z direction. The measured transmission
spectra are plotted in Figure 2a with solid curves. We
observe that the larger the semimajor axis of the
elliptical hole, the longer the resonant wavelength
for the array, in agreement with our previous results.*?
Using a hybrid finite-element boundary-integral meth-
od, we numerically calculated the linear spectra of
these hole arrays in air (see ref 41 for more details).
The nanoholes are elliptical cylinders with a mesh size
of 4 nm. Only one unit cell is needed in the simulation
since periodic boundary conditions have been em-
ployed. Moreover, the refractive index used for gold
is identical to the experimental measurements reported
in ref 42, and the glass substrate is assumed to be
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Figure 2. (a) Experimentally measured (solid) and numeri-
cally simulated (dashed) transmission spectra for three
different hole arrays. (b) SERS signals from the hole arrays
and the nonperforated gold film. The curves have been
shifted vertically for the sake of clarity. (c) Numerically
simulated averaged local field gain g,(w) (solid) as well as
SERS enhancement G,(w) (dotted) as a function of the
excitation wavelength. Both g,(w) and G,(w) are calculated
at z =0 . The transmission spectrum of the 180 nm hole
array is also plotted (open circles). (d) Spatial distribution,
on a logarithmic scale, of the SERS enhancement G for the
180 nm hole array. The excitation laser is 647 nm and
y-polarized.

infinitely thick for computational efficiency. The nu-
merical results, plotted with a dashed curve, are found
to be in reasonable agreement with the experimental
results. We further calculate the averaged local field
gain, g,, as well as the averaged SERS enhancement, G,,
on a plane 1T nm above the metal—air interface. (Note
that this does not exactly reflect experiments where
molecules are expected to coat all the surface of
nanoholes. However, numerical simulations have
shown that this is qualitatively valid.). The results are
depicted in Figure 2c with solid and dotted curves,
respectively. As a reference, we also plot the transmis-
sion spectra of the 180 nm hole array. Consistent with
the theory above, the local gains g, are nearly propor-
tional to the corresponding transmission spectra at a
given wavelength for all three structures, and the wave-
length of maximal g, is found to slightly red-shift with
respect to that of the maximal transmission. Further-
more, the calculated SERS enhancement G, has a curve
quite similar to that of g2, with a narrower bandwidth.
The excitation wavelength of the maximal G,, A,,, sits
on the higher energy side of the 1,.. The reason for this
blue shift is that an enhanced SERS requires us to
increase both local field gains at the excitation wave-
length and the corresponding Raman wavelength.
Using pyridine as a probing molecule and an excita-
tion wavelength of 647 nm, we measured Raman
scattering from the three hole arrays as well as a non-
perforated gold film. (Note that the Raman measurement
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was done with aqueous pyridine solution, and the
small resonance shift induced by water does not alter
our observations qualitatively. Please see more discus-
sions about the medium effect in the Methods part.)
The results are plotted in Figure 2b. All three arrays
provide Raman signals much stronger than that from
the gold film. The strongest Raman signal results from
the 180 nm sample, in good agreement with the
numerical predications. At this excitation wavelength,
the 220 nm hole array is found to have the smallest G,,
although we can interpret the results with the em-
pirical rule: the closer the excitation wavelength to
the shape resonance Ay, the stronger the Raman
signal. We argue here that a better explanation relies
on the transmittance around the excitation wavelength,
if we take into account the relation A, ~ A, — A/2,
with A being the Raman shift.

To further explore the strong correlation between the
transmission of the subwavelength hole array and its
SERS enhancement, we studied the effect of the excita-
tion polarization angle 6 on the Raman signal of the
180 nm hole array. Both experimental (square) and
numerical (dot) results are plotted in Figure 3. It is found
that the y-polarized excitation provides the strongest
Raman signal, whereas the x-polarized illumination leads
to the weakest signal. To interpret the dependence, we
first recall that the dependence of the transmittance |t|*
on the polarization angle can be described as

[t]*(6) = [t|*(0) cos? @ + |t|*(/2)sin> @ (9)
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Figure 3. Dependence of the SERS intensity of pyridine for
the 180 nm hole array on the incident polarization angle 6.
The angle 6 = 90° (0) corresponds to vertical (horizontal)
polarization. The theoretical curves are obtained from

eq 10. The set of experimental measurements has been
shifted vertically.

as found in our previous paper.? By using the fact that g,
is nearly proportional to |t/* at a given wavelength and
further assuming g(we,) ~ g(w,), the SERS enhancement
can be approximated as

Ga(6) =~ G,4(0) cos* 0 4 G,(/2)sin* 6

+21/G4(0) Gy (7 /2)cos? 0 sin? @ (10)

with G,(0) and G,(71/2) being the enhancement factors
corresponding to the 647 nm illumination with polariza-
tion angles of zero or 71/2, respectively. This equation is
then used to fit the experimental measurements as well
as the simulations. As shown in Figure 3, the results from
eq 10 are in excellent agreement with both the experi-
ments and the numerical simulations. This shows that the
local field enhancement g, of the subwavelength hole
array follows the same polarization dependence as its far-
field transmission |t|* and is consistent with that fact that
ga is closely related to |t].

Using two different excitation wavelengths, we stu-
died SERS from the complementary particle arrays. The
results are presented in Figure 4. Because their char-
acteristic sizes are considerably smaller than the lattice
spacing d, the cosine function in eq 6 will be positive
over nearly the entire integration region, which then
constructively contributes to Sqo. Therefore, there will
be a significant contribution to the near field from the
first-order scattering waves. Similarly, all the higher
order scattering waves are found to exhibit strong local
field enhancements. These considerable near-field
modes lead to a significant red shift of 4. with respect
to As; the particle arrays therefore exhibit SERS beha-
vior that is quite different from their far-field spectra.
This is exactly what we observed: the maximal G, of
the 180 nm particle is found around 740 nm wave-
length, much larger than 681 nm, its plasmonic reso-
nant wavelength. Consequently, illuminated by the
647 nm laser, the SERS enhancement of the 180 nm
particle array is much smaller than that of its comple-
mentary counterpart. When the laser wavelength is
tuned to 785 nm, the particle however emits much
stronger Raman signals than that of its complement.
We also estimate the SERS enhancement factor for the
complementary structures under 647 nm excitation
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Figure 4. (a) Experimentally measured SERS signals from a 180 nm hole array as well as its complementary particle array. The
incident polarizations are also complementary. The wavelength of the laser is set to be 647 and 785 nm, respectively. Note
that the curves have been shifted vertically for the sake of clarity. (b) Numerically simulated reflection spectra (solid) and the SERS
enhancement G, (dashed) of the particle arrays. As a reference, the G, (squares) of the 180 nm hole array is plotted. Note that
G,(w) is calculated at z = 0™. The experimentally measured reflection of the 180 nm particle array (circles) is plotted.
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(see ref 43 for more details). For the 180 nm hole array,
this factor is around 4 x 10°, and the particle array
gives an enhancement factor of about 5 x 10%. On the
other hand, a meaningful polarization study could not
be carried out on the particle array because the SERS
signals are too weak. In general, a cos* 0 is expected for
polarized detection along the same direction as the
excitation direction, but a cos® 6 is expected for
unpolarized detection.**~*

SUMMARY

In summary, we performed a comprehensive study
of SERS from subwavelength arrays of gold nanoparticles

METHODS

Measurement and Instruments. Using a deuterium-tungsten
light source, we measure the linear optical spectra of the
complementary structures in air with an Ocean Optics spectro-
meter (HR4000 CG-UV-NIR). All spectra are collected using a
50x objective with a numerical aperture of 0.5.

The experimental SERS data are collected using an optical
cell containing the SERS substrate covered with 0.01 M pyridine
(EMD) in 0.1 M KCI aqueous solution (EMD). The SERS sub-
strate is preincubated in pure pyridine solution for one day before
transferring to the chemical cell to ensure monolayer coverage.
A microscope coverslip is added to the top as a thin window in
such a way that the cell is completely filled with pyridine
solution. Raman spectra (backscattering geometry) are taken
using a Renishaw Invia MicroRaman spectrometer. A 50x
objective sampling of about a 1 um x 1 um area is used for
both hole and particle arrays. For polarization-dependent mea-
surement, a half-wave plate is inserted in the excitation/collec-
tion path of the spectrometer. In other words, Raman signals are
detected along the same polarization direction as the excitation
laser.

The experimental measurements and numerical simulations
of the linear spectra for the nanostructures were carried out in
air, but SERS measurement was done in aqueous pyridine
solution. The different mediums involved do not alter the
conclusions. It was observed that by changing the medium
from air to water, the LSPRs red-shift about 25 nm (typical
spectra from a nanohole sample are shown in Figure 5a). This
slight shift does not significantly alter the SERS results because
of the specific laser wavelength we employed. An additional
SERS measurement with substrates exposed to pyridine vapor,
sealed in a chemical cell, has also been carried out. (Note that
pyridine is toxic and it is dangerous to handle pyridine vapor.)
The result, shown in Figure 5b, is consistent with the case when
an aqueous pyridine solution was used.
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Figure 5. (a) Experimentally measured transmission spectra
for a nanohole array with air or water surroundings. (b) SERS
measurement of pyridine on the 180 nm complementary
nanohole (H 180) and nanoparticle (P 180) arrays.

as well as their complementary hole arrays. We show
that the averaged local field gains and the SERS
enhancements of the hole arrays are strongly corre-
lated to their transmission spectra, and the dependence
of the Raman intensities on the excitation polarization
angle 6 can be approximately described by a cos* 6
model. The complementary particle arrays, on the
other hand, present maximal local field gains at wave-
lengths generally much longer than their localized
surface plasmonic resonant wavelengths due to the
nontrivial evanescent mode contribution to the near
field. We believe the observed differences will serve as
useful guidelines for the design of SERS substrates.
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