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ABSTRACT: Periodic metal nanoparticle (NP) arrays support
narrow lattice plasmon resonances that can be tuned by changing
the localized surface plasmons of the individual NPs in the array, NP
periodicity, and dielectric environment. In this paper, we report

superlattice plasmons that can be supported by hierarchical Au NP
arrays, where finite arrays of NPs (patches) are organized into arrays
with larger periodicities. We show that superlattice plasmons can be
described by the coupling of single-patch lattice plasmons and Bragg
modes defined by the patch periodicity. Superlattice plasmon
resonances are often significantly narrower than that of single-patch

A (nm) A (nm) A (nm)

lattice plasmon resonances and exhibit stronger local peak fields. By

varying the periodicity of the patches, we demonstrated that the number and spectral location of superlattice plasmon resonances
can be tailored in hierarchical Au NP arrays. These narrow superlattice plasmon resonances open prospects in ultrasensitive
sensing and energy transfer and plasmon amplification in plasmonic cavities.
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P eriodic arrays of metal nanoparticles (NPs) support lattice
plasmons with narrow resonances when the localized
surface plasmons (LSPs) of the constituent NPs couple with
the Bragg modes of the lattice.' ™ Lattice plasmons can be
tuned by NP size and periodicity, where resonances as narrow
as 4 nm full-width-at-half-maximum (fwhm) can be
achieved.“"® For NP arrays with periodicities less than 1 ym,
only first-order Bragg modes couple with the LSPs of the
particles to generate the lattice plasmons.””* Moreover, NP
arrays with narrow lattice plasmon resonances (quality factors
~ 100—200) can function as nanocavities for surface-emitting
lasers.*™"" By taking advantage of their sensitivity to dielectric
environment,'>~"” we have shown that lattice plasmon lasers
can be tuned in real time by varying the refractive index of the
solution around the NPs.”

Hierarchical plasmonic structures show unique optical
properties because of the short-range nature of LSPs and the
long-range nature of surface plasmon polaritons.'*~*° Multiple
waveguide modes with narrow resonances were observed in
one-dimensional (1D) nanowire superlattices incorporating
both nanowire periodicity and patch periodicity.”' In addition,
for NP superlattices composed of assemblies of synthesized NP
building blocks, the volume fraction of both the metal and the
dielectric materials in the superlattice influenced the effective
permittivity of the assembly and optical properties.””** Besides
three-dimensional (3D) NP superlattices made by bottom-up
bioprogrammable DNA assembly,”* two-dimensional (2D) NP
superlattices can be fabricated by top-down methods such as
electron-beam lithography and photolithography, where finite
arrays of NPs (patches) are grouped into larger arrays.””*
Despite this hierarchical architecture, the spectral mismatch of
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the LSPs of the NPs and Bragg modes from patch periodicity
did not show evidence of coupling.” Also, limited overall
patterned areas from e-beam lithography (100 X 100 #m?) only
resulted in broad optical resonances (fwhm > S0 nm).

Multiscale patterning combining photolithography and soft
nanolithography can generate superlattices of nanoholes over
cm? areas, with control over hole size and periodicity as well as
patch periodicity.'”?**® Hierarchical NP arrays can also be
created using the nanohole films as physical deposition masks.
With the reported method,'”” however, photoresist posts at
the center and edges of patches were not equally exposed to
UV light because of light scattering at the edge of the Cr mask
patches during contact photolithography. Thus, the fabricated
NPs were not uniform in size from the patch center to edge,
which might preclude the possibility of narrow lattice plasmon
resonances.

Here we report superlattice plasmons that can be supported
in hierarchical Au NP arrays. To produce NP superlattices with
uniform particle sizes, we developed a multiscale nano-
fabrication approach. We observed multiple narrow superlattice
plasmon resonances in 2D arrays of NP patches. To confirm
that the origin of the multiple resonances was from the patch
periodicity, we fabricated 1D NP patches and characterized
their orientation-dependent transmission properties. Moreover,
we identified the specific Bragg modes that contributed to the
superlattice resonances by simulating both far-field transmission
and near-field properties. Similar to lattice plasmons in infinite
NP arrays that are defined by NP LSP and NP periodicity, we
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found that the superlattice plasmons in hierarchical NP arrays
can be attributed to coupling of single-patch lattice plasmons
with the high-order Bragg modes of the microscale patch
periodicity. Finally, we demonstrated that the resonance
position and the number of dominant modes of superlattice
plasmons can be tuned by varying the patch periodicity and
overall patch size.

B RESULTS AND DISCUSSION

Hierarchical Au NP arrays on glass were fabricated with
multiscale patterning starting with a soft nanofabrication
procedure referred to as PEEL (photolithography, etching,
electron-beam deposition, and lift-off).”” =’ Briefly, hierarchical
photoresist posts on Si wafers were generated by contact
photolithography, Cr deposition, resist lift-off, and phase-
shifting photolithography with a PDMS mask™ (Figure 1).
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Figure 1. Scheme of the multiscale patterning technique. Typical NP
periodicity a, = 600 nm, patch side length [ = 6 um, and patch
periodicity Ay = 9 um.

Here, Cr was used as an isolation layer to create uniform
photoresist posts within the patch. Hierarchical patterns of
photoresist posts were then transferred into free-standing Au
films of hierarchical nanohole arrays by PEEL. Finally, Au
deposition through the hole-array mask on glass substrates and
then removal of the mask resulted in hierarchical Au NP arrays.
Multiscale patterning for generating hierarchical NP arrays has
two key advantages: (1) the uniform exposure of UV light
ensures that the photoresist posts are homogeneous from patch
center to edge; and (2) the Cr masks and PDMS masks can be
independently selected to control the patch periodicity A,
patch side length [, and NP periodicity 4, The PDMS mask
determined the submicron NP periodicity ao, and the Cr mask
determined the microscale patch length [ and patch periodicity
A,.

The transmission spectra of hierarchical Au NP arrays were
characterized in an index-matched environment consisting of an
oil superstrate (n = 1.52) that matched the glass. With the
inclusion of microscale patch periodicity in hierarchical arrays,
more high-order Bragg modes fell within the resonance
envelope of metal LSP to form multiple lattice plasmons with
narrow resonances. To determine the influence of patch
periodicity on the lattice plasmon resonances, we compared the
resonance position of hierarchical NP arrays to that of an
infinite NP array. For infinite NP arrays with NP periodicity a,
= 600 nm and NP diameters d = 140 nm, we observed a single
lattice plasmon mode at A; = 903 nm (Figure 2a).

For 2D hierarchical NP arrays with the same NP character-
istics but with I = 6 ym and A; = 9 um, however, two narrow
resonances appeared (Figure 2b). The shorter-wavelength
superlattice resonance at Ag, = 904 nm had nearly the same
position and fwhm width (15 nm) as the lattice plasmon 4, in
the infinite NP array. The longer-wavelength superlattice
resonance appeared at Ag; = 954 nm, with a narrower fwhm
of 7 nm. As observed in both infinite and hierarchical arrays, the
broad resonance A;gp around 730 nm was the LSP of a single
Au NP, and the Rayleigh anomaly peak Ap, around 630 nm was
from coupling with higher-order Bragg modes (Figure 2a).
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Figure 2. Comparison of transmission spectra between infinite arrays and 2D hierarchical Au NP arrays. (a) SEM images of an infinite NP array with
NP periodicity a, = 600 nm and NP diameters d around 140 nm. Linear optical properties from experiments and FDTD simulations (n = 1.52) are
in excellent agreement. (b) SEM images of 2D hierarchical NP arrays with a, = 600 nm, patch side length [ = 6 um, patch periodicity A, = 9 ym, and
NP d = 140 nm. Linear optical properties from experiment and simulations (n = 1.52) are in excellent agreement.
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Finite-difference time-domain (FDTD) simulations were in
good agreement with experiments (Methods). The small shift
between simulated and experimental resonance wavelengths
can be explained in part by the dispersive properties of the
immersion oil used for index-matching (Supporting Informa-
tion, Figure S1).

To confirm that the multiple resonances were from patch
periodicity, we characterized the orientation-dependent trans-
mission properties of 1D NP patches (Figure 3a). These 1D
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Figure 3. Orientation-dependent transmission properties of 1D Au
NP patches. (a) SEM image of fabricated 1D Au NP patches on top of
glass, with patch side length I = 6 ym, patch periodicity Ay = 9 um
along x and NP diameter d = 160 nm. (b) Evolution of transmission
spectrum with increasing polarization angle 6 from 0° (x direction) to
90° (y direction). The resonance at Ay, = 913 nm maintained its
location and amplitude, but the resonance at Ag;, = 958 nm gradually
emerged and increased in intensity, which indicated that the latter
originated from patch periodicity.

patches had the same ay, [, and A as the 2D hierarchical arrays,
but where A, was defined only along the x-direction. This
symmetry-breaking structure shows polarization-dependent
optical properties and different coupling along the x and y
directions. To observe the evolution of the transmission spectra
with respect to polarization angle more clearly, we fabricated
NPs with larger diameters d = 160 nm that showed stronger
longer-wavelength resonances (Supporting Information, Figure
S2). With the incident light polarized along x, the individual
NPs exhibited dipolar oscillations also along x (Supporting
Information, Figure S3). The NPs aligned perpendicular to the
oscillation direction coupled strongly with each other. Since
only NP periodicity a, existed along y, the transmission
spectrum showed a single narrow lattice plasmon resonance,
similar to that of infinite NP array (Figure 3b). As the
polarization angle 6 increased from 0° (x) to 90° (y), the
narrow resonance at Ag; = 913 nm maintained its location and
amplitude but a new resonance (dg, = 958 nm) gradually
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emerged and increased in intensity. The broad resonance
around 730 nm was the A;gp from single Au NP, and the peak
Ara around 630 nm was Rayleigh anomaly seen earlier in Figure
2b. Note that both were at fixed wavelengths even as 6 changed.
The spectral evolution with respect to polarization angle
suggests that the infinite-like resonance at A, = 913 nm in 1D
hierarchical patches and the single lattice plasmon Ay of the
infinite NP array are similar regarding resonance wavelength
and intensity. In contrast, the resonance at Ag; = 958 nm in the
1D NP patches, which gradually appeared and kept the same
position as € increased, can be attributed to the patch
periodicity A,.

To demonstrate the influence of patch periodicity on the
superlattice plasmon resonances, we simulated far-field trans-
mission spectra for a single Au NP, an isolated Au NP patch,
and 2D hierarchical Au NP arrays. The simulations can study
resonances from a single NP and patch and eliminate coupling
effects from nearby NPs and patches, which cannot be achieved
in experiments where the incident light spot (~mm?) was much
larger than the single NP or patch size. Figure 4a shows a broad
LSP resonance A;gp from a single Au NP with diameter d = 160
nm. For a single patch containing 10 X 10 NPs with a4, = 600
nm and d = 160 nm, consistent with the isolated patch in
Figure 2b, a single lattice plasmon resonance was observed at 4;,
= 965 nm (fwhm 35.7 nm). The single-patch lattice plasmon
arose from the coupling of the metal LSP and the Bragg mode
determined by the NP periodicity a,.

For 2D hierarchical NP arrays with [ = 6 yum and A, = 9 ym,
two narrow resonances were observed at A5 = 944 nm and Adf
= 981 nm, as well as one weak resonance at A5 = 1056 nm,
whose diffraction peaks were in good agreement with the
calculated Bragg modes at the n = 15, 14, and 13 orders from
patch periodicity Ay = 9 pum (at 912, 976, and 1051 nm,
respectively). The fwhm of the two dominant lattice plasmons
at A§ and A were 192 and 3.1 nm, respectively, much
narrower than that of the single-patch resonances. Similar to
lattice plasmons in infinite arrays from coupling the NP LSP
and Bragg mode from NP periodicity a,, superlattice plasmons
in hierarchical arrays can be described by the coupling of single-
patch lattice plasmons with high-order Bragg modes
determined by the patch periodicity A, Two-step coupling
was involved in generating superlattice plasmons: (1) NP
coupling within a single patch and then (2) patch—patch
coupling.

The electric field and charge distribution around NPs at the
superlattice plasmon resonances illustrated the influence of
patch periodicity A, on the near-field NP coupling. For
resonances at A = 944 nm, g7 = 981 nm, and g = 1042 nm,
the electric field was localized both around and between NPs
but with larger enhancement at the narrower resonance at Ag}
than the other two modes (Figure 4b). Compared to A;p,
single-patch lattice plasmons A; had 10-fold local field peak
enhancement, while superlattice plasmons had a 15- and 40-
fold enhancement at A§ and A, respectively (Supporting
Information, Figure S4). At A§ and A{f, positive and negative
charges were located around the NP surface and distributed
along the polarization direction of incident light, indicating a
dipolar distribution (Figure 4c). At resonances of A, A%f, and
A8, there were 15, 14, and 13 phase oscillations within a single
patch, which agreed with the order of the Bragg mode that
coupled to single-patch lattice plasmons (Figure 4b). Similarly,
at the lattice plasmon resonance in infinite NP arrays with a, =
600 nm, exactly 15 overall phase oscillations spanned the same

DOI: 10.1021/acsphotonics.5b00546
ACS Photonics 2015, 2, 1789—1794


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00546/suppl_file/ph5b00546_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.5b00546

ACS Photonics

a10 c
510 Ko A4
a a7 - W
g “'. ‘i
£ 09 w9 1 -
ey T B oW
F 08 & @ Lo
0.7 tSingle NP g =944 nm 2 Ewou
400 600 800 1000 1200
Wavelength (nm)
15 13
b A Aq
4 5 4
o 0 0
5
4 -4
10
-8 15 -8
L12 20 L12

Figure 4. Far-field transmission, near-field electric field, and charge distribution of hierarchical Au NP arrays indicating the origin of superlattice
plasmons. (a) Linear optical properties of a single NP, a single patch, and periodic patches with the same NP diameter d = 160 nm, height & = 50 nm,
and spacing a4, = 600 nm. Periodic patches had side length | = 6 ym and periodicity Ay = 9 ym. (b) Near-field electric field distributions of
superlattice plasmons at 4§ = 944 nm, 4§ = 981 nm, and 1§} = 1056 nm within plotted area of 1.2 gm X 9 um. In simulation, the amplitude of
incident plane wave (polarized along x) was set as 1 V/m. The plotted electric field is the real part of E, with units of V/m. (c) Charge distribution of
superlattice plasmons at 4§} = 944 nm and A¢f = 981 nm within a plotted area of 1.2 yum X 9 um.
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Figure S. Superlattice plasmons in hierarchical Au NP arrays can be tuned by varying patch periodicity A, and side length 1. (a) Experimental and
simulated linear properties of hierarchical arrays with I = 6 ym, Ay = 12 um, and d = 140 nm. (b) Experimental and simulated linear properties of
hierarchical arrays with | = 18 ym, A, = 24 ym, and d = 140 nm. (c) Experimental and simulated linear properties of hierarchical arrays with ! = 18
um, Ay = 36 ym, and d = 140 nm.

length scale of patch periodicity (4p = 9 um). Notably, infinite-like superlattice plasmon resonance A§; was the same as
although hierarchical arrays could be viewed as an infinite array that of lattice plasmon resonance A; in infinite arrays. In
with missing NPs, the in-phase oscillation between NPs at contrast, the resonance at A§f had single-period phase
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oscillations, and the one at A4 had two-period phase
oscillations between NPs within the single patch. For 1D NP
patches at different polarization angles, the in-phase oscillations
between NPs were also maintained at A% (6 = 0—90°), while
single-period phase oscillations existed at A§f (6 > 0°)
(Supporting Information, Figure SS).

To illustrate the tunability of superlattice plasmons, we
increased Ay from 9 to 12 pm while keeping patch side length [
fixed at 6 ym (Figure Sa). Larger patch periodicity resulted in
more high-order Bragg modes with smaller separations and that
fell within the resonance envelope of single-patch lattice
plasmons. Two dominant lattice plasmon modes at A3 = 90S
nm and A§ = 938 nm were observed, corresponding to the
coupling of single-patch lattice plasmons to the n = 20 and 19
orders of Bragg modes from the enlarged patch periodicity A, =
12 pum. Compared to the resonances with Ay = 9 um (Figure
2b), the shorter-wavelength resonance at A3 kept nearly the
same position, and the longer-wavelength resonance at A&
blue-shifted. At the infinite-like superlattice plasmon resonance
2%, where the resonance wavelength and near-field distribution
were the same as those of lattice plasmon in infinite arrays, the
NPs oscillated in-phase with each other both within an
individual patch and between patches (Supporting Information,
Figure S6a).

We further increased the number of NPs within one 2D
patch from 10 X 10 to 30 X 30 to study the influence of patch
side length on superlattice plasmon resonances. Notably, more
NPs within one patch created narrower, more intense single-
patch lattice plasmons (Supporting Information, Figure S2c).
Three dominant lattice plasmon modes at A& = 905 nm, A3 =
916 nm, and A3 = 939 nm were observed for patch size | = 18
pum and patch periodicity Ay = 24 um, corresponding to the
coupling of single-patch lattice plasmons to the n = 40, 39, and
38 orders of Bragg modes (Figure Sb). When the patch side
length | = 18 ym was maintained and A, was increased to 36
um, we observed one narrow lattice plasmon mode at 43, = 911
nm with a fwhm of 2 nm, and a secondary mode at &) = 899
nm (Figure Sc). These two resonances originated from the n =
59 and 60 orders of Bragg modes. The NPs oscillate in-phase
with each other at infinite-like resonances of A& (a4, = 600 nm
and Ay = 24 um) and A (a, = 600 nm and A, = 36 um;
Supporting Information, Figure S6b,c). By varying patch side
length [ and patch periodicity A in 2D hierarchical arrays, we
were able to tune the resonance position and the number of
dominant modes for superlattice plasmons.

In summary, we realized superlattice plasmons in hierarchical
Au NP arrays. Our multiscale patterning process offers a new
approach to generating hierarchical NP arrays over large areas
(>cm?) with independent control over NP periodicity a, and
patch periodicity A, We found that superlattice plasmons could
be described by the coupling of the single-patch lattice
plasmons to different orders of Bragg modes from the patch
periodicity. Hierarchical Au NP arrays showed evidence of
coupling between patches. Superlattice plasmon resonances can
be manipulated by tuning patch periodicity in addition to NP
periodicity. We anticipate that superlattice plasmons, with their
ultranarrow resonance line widths and multiple controllable
resonant frequencies in the visible region, will be useful in areas
such as ultrasensitive sensing as well as energy transfer and
plasmon amplification processes in plasmonic cavities.
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B METHODS

Fabrication of Hierarchical Au NP Arrays. Hierarchical
Au NP arrays on glass were fabricated with a multiscale
patterning process. A poly(dimethylsiloxane) (PDMS) mask
with square lattice periodicity a;, = 600 nm was used for phase-
shifting photolithography to produce photoresist posts with
diameter d = 180 and 200 nm. Cr masks with patch features: [ =
6 um, Ay =9 um; | = 6 um, Ay = 12 um), (I = 18 pum, A, = 24
um; and I = 18 um, A, = 32 um were used for contact
photolithography. We used a Cr layer with thickness of 8 nm as
a separation layer between phase-shifting and contact photo-
lithography. The hierarchical photoresist posts covered with Cr
layer were lifted off with photoresist remover. Deep reactive ion
etching (DRIE) was then used to create cylindrical pits through
the microscale Cr holes (depth ~150 nm) inside Si. After
depositing ~90 nm Au and etching the Cr sacrificial layer, a
hierarchical Au nanohole array film was produced and floated
onto glass substrate. Another deposition of Au and removal of
the Au deposition mask resulted in hierarchical Au NPs on
glass, with height & = 50 nm and diameters d = 140 or 160 nm.

Linear Optical Property Measurement. A droplet of
immersion oil (n = 1.52) was deposited on NP array-glass
samples and sandwiched with another piece of cover glass. The
samples were then illuminated by collimated white light from a
halogen lamp (100 W) with a spot size of 2 mm (Supporting
Information, Figure S7). A PIXIS: 400 CCD detector was
placed at the backside of sample stage to collect the transmitted
light. Data was processed by a Princeton Instruments Acton
SP2500 spectrometer. Background light without the sample was
taken as a reference to get the transmission spectrum.

Finite Difference Time Domain (FDTD) Simulations.
We used FDTD calculations based on a commercial software
(FDTD Solutions, Lumerical Inc.) to simulate the linear optical
properties of hierarchical Au NP arrays. A uniform mesh size of
4 nm was used in ¥, y, and z directions. The optical constants of
gold were from Johnson and Christy’' (400—1000 nm). The
cylindrical NPs had height & = 50 nm and diameter d = 140 or
160 nm.
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Dispersion property of immersion oil; parameters that
influence superlattice plasmon properties; dipolar dis-
tribution of 1D NP patches; local field enhancement of
superlattice plasmons; near-field distribution of 1D NP
patches; near-field distribution of 2D hierarchical NP
arrays; linear optical property measurements (PDF).
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