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ABSTRACT: We report on design and fabrication of patterned plasmonic dimer
arrays by using an ultrathin anodic aluminum oxide (AAO) membrane as a shadow
mask. This strategy allows for controllable fabrication of plasmonic dimers where the
location, size, and orientation of each particle in the dimer pairs can be independently
tuned. Particularly, plasmonic dimers with ultrasmall nanogaps down to the sub-10 nm
scale as well as a large dimer density up to 1.0 X 10" cm™ are fabricated over a
centimeter-sized area. The plasmonic dimers exhibit significant surface-enhanced
Raman scattering (SERS) enhancement with a polarization-dependent behavior, which
is well interpreted by finite-difference time-domain (FDTD) simulations. Our results
reveal a facile approach for controllable fabrication of large-area dimer arrays, which is
of fundamental interest for plasmon-based applications in surface-enhanced spectros-
copy, biochemical sensing, and optoelectronics.
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B INTRODUCTION

Plasmonic dimers consisting of pairs of coupled metallic
nanoparticles have received increasing interest due to the ability
to confine electromagnetic fields in their gaps.'™ Various
fabrication techniques including bottom-up wet-chemistry
growth®® and top-down lithographyé_11 as well as character-
ization methods such as electron energy-loss spectroscopy’>~'°
and dark-field scattering spectroscopy’ '~ have been adopted
to investigate plasmonic coupling in the dimers by altering the
dimer gap, particle size, or component materials. These
investigations have spurred the application of plasmonic dimers
to surface-enhanced Raman spectroscopy (SERS),”*~** plas-
mon-enhanced photoluminescence,”~>* nonlinear optical
devices,”**° plasmon ruler,’’ ** and biochemical sensors.> ™’

Implementation of dimers in practice requires repeatable,
fast, and cost-efficient fabrication processes and the ability to
efficiently optimize the dimer structure to cater to specific
requirements. For instance, SERS which offers trace detection
down to the single-molecule level*~* requires a sub-10 nm
dimer gap and defined dimer orientation for efficient excitation
by a polarized laser. Besides, a uniform pattern over a large area
is crucial because the analytes are frequently randomly
distributed on the substrate, but only molecules trapped in
the gaps can provide dominant signals.*” Among the current
techniques to fabricate plasmonic dimers, top-down methods
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such as electron beam lithography (EBL) and focused ion beam
(FIB) milling are time-consuming and costly especially for large
area fabrication. With regard to the bottom-up method, dimers
fabricated by wet-chemical methods tend to have irregular
orientations and are prone to aggregation which can
dramatically alter the plasmonic response.”*”** In addition, a
technique combining porous nanomasking and angle-resolved
shadow deposition has exhibited the potential in fabricating
complicated nanostructures.*’ " However, facile production
and optimization of the mask template for depositing dimers
are still challenging.

Anodic aluminum oxide (AAQO) is a popular nanotemplate
due to the cost effectiveness and wafer-scale production.”’ >
The template can be transferred to the desired substrate as a
nanomask to fabricate a myriad of nanostructures such as
nanodots, nanowires, and nanoholes.” %" AAO possesses self-
ordered and straight-through nanopores which are ideal for the
preparation of dimers by angle-resolved shadow deposition.
However, this strategy requires that the AAO membrane is
ultrathin (<300 nm) and has the proper aspect ratio of film
thickness to pore diameter, thereby making the preparation and
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Figure 1. (a—c) Top-view, side-view, and large-area SEM images of the AAO membrane with a pore diameter of 80 nm, interpore distance of 100
nm, and film thickness of 250 nm. (d) Schematic of the angle-resolved shadow deposition method at a tilt angle a. (e—h) SEM images of the
nanoparticle arrays for tan a = 6/4S, 7/45, 8/45, and 9/45; (i) Variations in the nanoparticle size D as a function of tan a. The scale bars are 200 nm.

transfer procedures difficult. Herein, we overcome the
limitation and demonstrate the use of the versatile AAO
nanotemplate in the preparation of patterned dimer arrays with
a tunable dimer size and controllable dimer gap down to the
sub-10 nm scale. The dimer array exhibits defined dimer
orientations and closely packed arrangements with a dimer
density of up to 1.0 X 10" cm™ over a centimeter-sized area,
thus providing an excellent platform for SERS detection and
studying the corresponding polarization-dependent behavior. In
addition, our approach provides sufficient degrees of freedom
to design symmetrical/asymmetrical dimers with a rotatable
orientation for each particle in the dimer pairs, consequently
allowing flexible modulation of the plasmonic modes.

B EXPERIMENTAL SECTION

Preparation of the Ultrathin AAO Membrane. The AAO
membrane was formed on an aluminum foil (99.999%, 0.2 mm in
thickness) by a typical anodization method. The aluminum foil was
degreased with acetone, annealed at 400 °C for 30 min under vacuum
to remove mechanical stress, and polished in a 1:4 solution of
perchloric acid and ethanol at 15 V for S min. The first anodization
step was performed in 0.3 M oxalic acid at 40 V and 0 °C for 12 h. The
alumina formed in the first anodization process was dissolved by
chemical wet etching in a solution of phosphoric acid (6 wt %) and
chromic acid (1.8 wt %) with a volume ratio of 1:1 at 75 °C for 2 h.
The aluminum foil was subjected a second anodization step the same
as the first one for 10 min to produce the ultrathin AAO membrane.
After the second anodization step, the AAO membrane was immersed
in S wt % phosphoric acid at 30 °C for top etching to enlarge the AAO
pores and then spin-coated with a PMMA layer at 600 rpm for 8 s and
3000 rpm for 60 s (Laurell spin coater WS-400BZ-6NPP-Lit). The
remaining aluminum foil was etched in a 100 g L™' CuCl, solution.
Removal of the AAO barrier layer and bottom etching were carried out
in a S wt % phosphoric acid solution to adjust the film thickness.
Finally, the PMMA layer was dissolved in acetone, and the remaining
AAO membrane was rinsed with distilled water several times and
transferred onto the desired substrate. The top etching time was 23,
26, 29, and 35 min corresponding to bottom etching time of 24, 21,
18, and 12 min to obtain AAO with D = 70, 75, 80, and 90 nm,
respectively. The film thickness of these AAO membranes was 250 nm

and the differences in the etching procedures produced an error of less
than 10 nm. More detailed information on how to fabricate and
manipulate the ultrathin AAO membrane can be found from our
previous publication.*’

Angle-Resolved Shadow Deposition. The AAO membranes
were placed on tilted substrates to perform angle-resolved shadow
deposition. The E-beam deposition rate is 0.25 nm s~', and the
deposition time is 100 and 120 s for the first deposition and the
second one, respectively. AAO templates with pore diameters of 70,
75, and 80 nm were employed corresponding to deposition angles tan
a = 7/4S, 8/45 and 9/45 to fabricate homodimers with an estimated
dimer gap of 8, 13, and 18 nm, respectively. The angled dimers were
fabricated by placing the sample on a tilted substrate off the vertical
center of the evaporation source.

Instrumentation and Data Acquisition. Field-emission scanning
electron microscopy was performed on the JSM 7001F (JEOL), and
the Image] software was used to conduct statistical analysis of the
nanoparticle scale. The samples for SERS measurement were
immersed in a 107 M solution of Rhodamine 6G in ethanol for 30
min, taken out, washed with copious amounts of ethanol, and dried
under a stream of nitrogen. The Raman scattering spectra were
collected on a Horiba confocal Raman spectrometer with a 457 nm
laser line and a 50X objective. The SERS measurement was conducted
at a low power (1.0 X 10° mW cm™) to prevent molecular
photobleaching. The acquisition time was 30 s for SERS spectra and S
s for SERS mapping. The Drude model was adopted in the FDTD
method with a mesh size of 1 nm under plane wave excitation of 457
nm. The optical constants of Ag were taken from the literature.”’ The
major axis and minor axis of the ellipsoidal particles were 60 and 30
nm, respectively.

B RESULTS AND DISCUSSION

The AAO nanotemplate is anodized on an aluminum foil and
transferred to a silicon substrate as a shadow nanomask to
perform angle-resolved shadow deposition. Specific information
on the preparation procedures can be found in the
Experimental Section. Figure la—c display the scanning
electron microscopy (SEM) images of AAO membrane with
a hexagonally close-packed nanopore structure. The pore
diameter is variable from 1S5 to 400 nm and interpore spacing
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Figure 2. (a—c) SEM images of the silver dimers with different dimer gaps of d = 8, 13, and 18 nm, respectively, and scale bars being 100 nm. (d)
Schematic showing the preparation of plasmonic homodimers in angle-resolved shadow deposition. (e) Calculated electric fields around the
plasmonic dimers when excited by the 457 nm laser with the dimer long axis parallel to the incident polarization E. (f) Raman scattering spectra of
Rhodamine 6G molecules acquired from the plasmonic dimer arrays shown in (a—c) and on a single silver nanoparticle array.

Figure 3. SERS of Rhodamine 6G molecule measured from the plasmonic dimer array (d = 8 nm). (a) SERS map as a function of 6, which
represents the angle of excitation laser polarization with respect to the dimer orientation with laser polarization represented by the arrow in the inset.
(b) Normalized Raman intensity from the dimer array and single silver nanoparticle array as a function of laser polarization angles by analyzing the
integral Raman intensity of the 1649 cm™ band. (c) SERS spectra taken with the laser polarization being parallel (6 = 0°) and perpendicular (0 =
90°) to the dimer long axis. (d) SERS map (44 ym X 44 um) of the silver dimer array obtained from the integrated intensity of the 1649 cm™ band
by measuring 144 points with a scanning step of 4 ym. The detection area for the SERS map is shown in the optical photo, and the relative error (A)

of each point is plotted in the bottom panel.

is tunable from 50 to 400 nm by adjusting the anodization
conditions.””*> The AAO membranes are placed on tilted
substrates to adjust the deposition angle a for angle-resolved
shadow deposition, as illustrated in Figure 1d. Figure le—h
show the series of nanoparticle arrays deposited at different
deposition angles a. The deposited nanoparticles have an
ellipsoidal shape with size (D) along the minor axis of the
deposited nanoparticle varying with a. The particle size D
changes from 46 nm, to 42, 35, and 31 nm when depositing at
tan a = 6/45, 7/45, 8/4S, and 9/45, respectively (also see
Figure S1 and Table S1). The particle density is calculated to be
1.0 X 10" cm™ according to the SEM images. The results
show that D can be continuously controlled by adjusting the

deposition angle, and it is thus a convenient approach to tune
the particle size and subsequent dimer gap.

The dimer arrays are fabricated by evaporating plasmonic
materials from two opposite angles through the AAO pores
onto the substrate, as shown in Figure 2. Figure 2a—c display
the ellipsoidal homodimers with different dimer gaps d. The
dimer arrays with dimer gaps of 8, 13, and 18 nm are fabricated
to demonstrate that d can be continuously varied down to the
sub-10 nm regime, which is close to the resolution of
lithographic techniques. The AAO with different pore
diameters of 70, 75, and 80 nm are employed corresponding
to deposition angles tan o = 7/45, 8/45, and 9/45, respectively,
to maintain the particle size while adjusting the dimer gap.
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Figure 4. (a) SEM image of the angled ellipsoidal dimers with the intersection angle between two ellipsoidal particles in pairs being 60° and scale bar
being 200 nm. (b) Variations in the calculated electric field density (IEI*) of the angled dimers and paralleled dimers in relation with the laser
polarization angle 6. (c) Calculated electric field distribution of the angled dimers and paralleled dimers under different excitation polarizations.

Finite-difference time-domain (FDTD) simulation is per-
formed to evaluate the efficiency of the plasmonic dimers, as
shown in Figure 2e. The calculated electric field distribution
shows that strongly enhanced fields, so-called “hot spots”, are
observed between the nanoparticle pairs. As the interparticle
distance decreases, the interaction between the nanoparticles
strengthens, resulting in enhanced electric field in the gap
region and yielding high-sensitivity SERS detection. The SERS
spectra of Rhodamine 6G molecules acquired from the
plasmonic dimers with different gaps are presented in Figure
2f. The results reveal that the Raman signal on the dimer array
with d = 8 nm is enhanced by ~40 times compared to a single
silver particle nanoarray fabricated similarly but without a
second shadow deposition process. Moreover, our strategy
enables the fabrication of plasmonic dimers with different
particle sizes while keeping the gap distance constant (see
Figure S2).

Figure 3 shows the SERS spectra of Rhodamine 6G
molecules acquired from the plasmonic dimers with d = 8
nm. The polarization Raman map in Figure 3a exhibits that the
SERS signal varies as a function of the laser polarization angle 6.
This polarization-dependent variation can be clearly observed
from the corresponding polar-diagram in Figure 3b. Figure 3¢
displays the representative SERS spectra with the laser
polarization being parallel (6 = 0°) and perpendicular (6 =
90°) to the dimer long axis. Owing to the confined electric
field, some Raman peaks (e.g, at 1188, 1315, 1419 nm) are
resolved at 0° but disappear when laser polarization does not
match the dimer long axis. The integral Raman intensity at @ =
0° is improved by approximately 9 times than intensity at 6 =
90°, demonstrating the dependence of laser polarization in the
SERS measurement. This polarization-dependent enhancement
is not observed from a single silver particle array indicating that
localized surface plasmon resonance (LSPR) confined in the
dimer gap is responsible for this phenomenon. The

homogeneity of the silver dimer array is evaluated by 2D
point-by-point SERS mapping as shown in Figure 3d which
reveals excellent uniformity over a large area. The relative SERS
peak intensity of the spots is centered in a narrow range with a
standard deviation of 0.13 and average EF of 1.4 X 10°® times
based on the classical calculation expression” (also see
Supporting Information). It should be noted that the surface
roughness and the small dots around the dimer particles may
have a perturbation effect on the plasmon resonances. For
simplicity, this perturbation was neglected in the calculation. In
addition, the large-area SEM image consisting of more than
10 000 plasmonic dimers also verifies the sample homogeneity
(Figure S2).

The technique described here allows custom design of
plasmonic dimers with a variable intersection angle. Figure 4a
shows the angled silver dimers fabricated by off-center
deposition along the AAO pores. In the angled dimer array,
LSPR can form at different intergaps (e.g, within a dimer, or
between dimers) depending on the excitation polarization. The
calculated electric field density (IEI*) of the paralleled dimers
and angled dimers as a function of the polarization angles is
plotted in Figure 4b and the corresponding electric field
distributions are displayed in Figure 4c. Compared to the
paralleled dimers, some favorable LSPR modes are observed
between neighboring dimers when the excitation polarization is
tuned away from the dimer long axis (e.g, at 30°). This
characteristic can potentially provide tunable and switchable
LSPR modes formed at different gap sites for specific plasmonic
applications. It is known that control over the gap distance can
efficiently tune the plasmonic resonance modes, but it is
undesirable because the increase in the dimer gap is always
accompanied by a sacrifice in the electric field enhancement.
Here, our angled elliptical dimers provide the possibility to
modulate plasmonic resonance modes by altering the
contacting angles and/or changing the excitation polarization.
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As mentioned above, the gaps between particles are crucial to
LSPR-based applications. In addition to manipulating the dimer
gap in each individual AAO pore, we can adjust the interspacing
between the dimer pairs by varying the separation between
AAO pores, thus enabling further modulation of LSPR. In this
way, the AAO walls are used as a separation between the
deposited nanoparticle and the gaps formed when AAO is
peeled off. The SEM image in Figure S displays the fabricated

Figure S. (a) Schematic and (b) corresponding SEM image of the
hexagonal “flower” patterns fabricated by controlling the interspacing
between AAO pores dpap, with the scale bar being 200 nm.

hexagonal “flower” patterns by adopting an AAO membrane
with an interpore distance du,o of 10 nm. The results
demonstrate that d and dj,o can be individually controlled to
optimize the LSPR from the dimer patterns. In fact, this
configuration can also be used to design dimers with dy,(, but
not d, as the dimer gap. In this way, dimers with a fixed gap can
be obtained despite the deposition angles at the same time, and
consequently, undesired formation of bridges between dimers
can be avoided. However, the minimum value of d g is about
10 nm because smaller wall thickness makes it difficult to
handle the ultrathin AAO membrane.

In addition to homodimers, which have the same particle size
and component material, our strategy can be extended to
fabricate asymmetrical heterodimers with a tunable particle size
ratio (see Figure S3) compatible with multiple compositions
(e.g, silver/gold dimers). The mismatch in size or material is
particularly interesting for the excitation of higher order
plasmon modes, in which the symmetry breaking allows for
both far-field and near-field excitation/probing. Moreover, a
rich set of properties that cannot be easilgr observed in
homodimers such as the plasmonic dark modes®* and plasmon-
induced Fano profiles” ™" can be expected from the
asymmetrical dimers.

B CONCLUSIONS

We demonstrate the tunable and controllable fabrication of
plasmonic dimer arrays by utilizing an ultrathin AAO
membrane as a mask template for angle-resolved shadow
deposition. Plasmonic dimer arrays with a defined orientation,
controllable particle size, and tunable gap distance over a large
area are fabricated and characterized. The plasmonic dimer
array with sub-10 nm dimer gaps exhibits significant SERS
enhancement. In addition, polarization-dependent SERS
enhancement is revealed depending on the dimer orientation
and laser polarization. Moreover, our approach also enables
flexible tuning of the intersection angle of plasmonic dimers as
well as interspacing of the dimers, consequently allowing for
high degree-of-freedom manipulation of LSPR from the dimer
arrays.
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Figure S1. (a-d) SEM images of the fabricated single nanoparticle nanoarrays with different
size of D =31 nm (a), 35 nm (b), 42 nm (c) and 46 nm (d) by adopting different deposition
angles of tan o = 9/45, 8/45, 7/45 and 6/45, respectively. We define the diameter of a
spherical particle or the minor axis of an ellipsoidal particle as the particle size scale, D. The

scale bars are 200 nm.
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Table S1. Variations in the particle size scale (D) corresponding to the deposition angle a.

5/45  6/45  7/45  8/45  9/45 10/45 11/45
Pore diameter(nm)

70 42 37 31 26 20 n/A /A
75 47 42 36 31 25 19 /A
80 52 47 41 36 30 24 19

*The data are obtained by calculating the aspect ratio (film thickness to pore diameter) of the AAO membrane
and deposition angle. The film thickness is 250 nm.
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Figure S2. (a-d) SEM images of the plasmonic dimers with different particle size by adjusting
the AAO pore diameter in shadow deposition; (e) Large-area SEM image of the plasmonic

dimer array shown in (d). The scale bars in (a-d) is 200 nm and that in (e) is 2 pm.
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Figure S3. (a) Schematic showing the fabrication of the hetero-dimers with the deposition
angles, a and f, individually controlled to adjust the particle size ratio; (b, c) SEM images of
the hetero-dimers with particle size ratios of 3:2 and 3:1 by adopting different AAO
membranes with pore diameters of 75 nm and 80 nm as well as different deposition angles of

tan o = 9/45, tan f = 7/45 and tan o = 11/45, tan f = 5/45, respectively.

Appendix:
The enhancement factor (EF) of plasmonic dimers was determined by computing the ratio

of SERS to normal Raman scattering (NRS) using the following expression:

— Isgrs/Nsgrs
EF = =E82- oLl 1
Iy/Ny )
where Isgrs and /Iy correspond to the integrated SERS and normal Raman scattering intensities,
respectively. Nsgrs and Ny are the number of molecules probed in the SERS and normal
Raman scattering measurements. Here we assume a 100% absorption for Ny so the
calculated EF is a lower-bound estimate. N, is determined by calculating the molecule

concentration multiply by the laser probe volume.
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