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ABSTRACT: Plasmonic surface lattice resonances (SLRs)  Repiication of polymer arrays In situ site-specific NP growth U surface lattice
supported by metallic nanoparticle (NP) arrays show diverse [ O L  Metal ons

. . . . . PDMS mould
applications including nanolasers, sensors, photocatalysis, and |-

nonlinear optics. However, to rationally fabricate high-quality
plasmonic NP arrays with ultranarrow SLR line widths over
large areas remains challenging. This article describes a general AR oo
approach for the efficient fabrication of centimeter-scale

inorganic NP arrays with precisely controlled NP size, \/
composition, position, and lattice geometry. This method
combines the processes of solvent-assisted soft lithography
and in situ site-specific NP growth to reproducibly create many replicates of NP arrays without utilizing cleanroom and

specialized equipment. For demonstration, we show that Au NP arrays exhibit ultranarrow SLRs with a line width of 4 nm and
a quality factor of 218 toward the theoretical limit.
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norganic nanoparticles (NPs), such as plasmonic, modes are coupling modes between the diffraction mode of the
Imagnetic, and semiconductor particles, have attracted array and LSPR mode of a single NP, which supports an

great attention, owing to their intrinsic optical, magnetic, ultranarrow plasmon resonance toward the theoretical limit of
electronic, chemical, and catalytic properties.' > Among ~1-2 nm."” Such narrow SLR, however, cannot be readily
others, plasmonic NPs are one of the most powerful platforms achieved in experiments, largely because of the difficulty in
for controlling light—matter interactions. Plasmonic nanostruc- fabricating precise yet defect-free individual NPs and the
tures can efficiently couple light into nanostructures and arrays. Bottom-up self-assembly templated by nanoscale
squeeze light into subwavelength volumes, due to the so-called chemical or topological patterns can be used to arrange wet-
localized surface plasmon resonance (LSPR).® These localized chemically synthesized NPs with high uniformity and tunable
excitations accompanied by large near-field enhancement have size and composition into ordered arrays, but the precise level
enabled enormous applications of plasmonic NPs in sensing,”” of NP arrangement in the arrays is rather limited.”"~** The
nanophotonics,”"” photochemistry,"" and nonlinear optics." relatively low degree of order is caused by the contradicting

However, the strong energy loss mainly in radiative mode (i.e.,
the conversion of plasmons into photons) within individual
plasmonic NPs results in broadband resonances (typical fwhm
>80 nm) with a low quality-factor (Q-factor), severely limiting
the applications of plasmonic NPs in such as nanolasing and
sensing.'* ™' It remains challenging to effectively reduce the
loss by decreasing the Landau damping (the damping of a
collective mode of oscillations without collisions) or the
plasmon energy damping originating from electron collisions
with other electrons, defects, and phonons.17

An eflicient way to suppress the radiative losses is to arrange
the plasmonic NPs into periodic arrays to achieve a hybrid
excitation-surface lattice resonance (SLR).'>'®'? The SLR

requirement on the relative dimension of constituent NPs and
nanoscale patterns between high yield and high precision in
NP assembly. The interfacial self-assembly approach can
produce close-packed NP arrays, but the distance between
NPs is too small to achieve the diffraction effect and the SLR
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Figure 1. Fabrication of inorganic NP arrays with tunable sizes, compositions, and lattice parameters. (A) Schematic illustration of the
nanofabrication process of large-area inorganic NP arrays. (B, C) SEM images of the P4VP nanocylinder array (B) and the GNP array (C).
Insets at the left are optical micrographs of the corresponding large-area P4VP nanoarrays (B) and GNP array (C). Insets at the right are
SEM images of single P4VP nanocylinder (B) and TEM image of single GNP (C). (D) Simulated and measured transmission spectra of the
GNP array under linear polarized light. Inset shows that the incident electric field is aligned along the high-symmetry lattice direction.

mode in the visible and near-infrared range.””** In contrast, a fabricated by this method may find applications in data
top-down technique based on templated metal deposition is storage,”” sensing,” catalysis,”” and metasurface.”

capable of generating gold NP (GNP) arrays with ultranarrow

SLR line widths. This approach, however, involves costly, RESULTS AND DISCUSSION

complicated, and time-consuming processes (e.g., fabrication
of Au nanohole film by templated metal deposition, masked
metal deposition through the nanoholes, and high-temperature
thermal annealing), which heavily rely on cleanroom
facilities.">*>~*” Furthermore, metal reduction in nanodomains
of block copolymers self-assembled on substrates or patterned
by dip-pen nanolithography provides an alternative tool to
fabricate arrays of NPs with uniform size and shape.”*~ This
technique, however, is not scalable or shows limited control nanopillars (diameter d = 25_0 nm, height h = 350lnm, pitc.h o
over the lattice parameters (e.g, periodicity, symmetry, NP = 600 nm) was molded against elastomeric polydimethylsilox-
size).”’ Nevertheless, there is an urgent need of simple ane (PDMS) to produce soft PDMS stamps (step 1). The

Fabrication of GNP Arrays. The approach we developed
involves the fabrication of polymeric nanocylinder arrays by
soft lithography, loading of inorganic salt precursors into
polymeric nanodomains, selective removal of organic com-
pounds and reduction of inorganic salts by oxygen plasma, and
thermal annealing of the NP arrays (Figure 1A and see more
details in Supporting Information). A relief silicon master with

strategies for fabricating large-area NP arrays with high Q- PDMS stamps were inked with a solution of poly(4-
factors in a flexible yet precise manner. vinylpyridine) (P4VP) in solvents (e.g, isopropanol) and
Here we present a robust approach for the large-area brought into conformal contact with a substrate to generate
fabrication of defect-free periodic arrays of highly uniform periodic nanocylinder arrays (step 2) (Figure 1B). After a brief
inorganic NPs with high precision in NP arrangement (Figure O, plasma descum process, negatively charged metal
1). This approach is mainly based on the soft lithographic precursors (AuCl,”, PdCL*", PtCL’™ or etc.) were loaded
patterning of polymeric nanoarrays for chelating metal into the P4VP nanocylinders through electrostatic interactions
precursors, in situ reduction of metals, and thermal annealing between the precursors and the pyridinic nitrogen groups of
of NP arrays. By using this approach, we produce a gallery of P4VP. Subsequently, O, plasma treatment was used to remove
NP arrays from metals (e.g, Au, Pd, and Pt), metal alloys of P4VP and reduce metal ions to t(he zero valence state by the
different compositions (e.g., AuPd, FePt, and CoPt), and metal generated free electrons (step 3).””* Finally, the resulting NPs
oxides (e.g, Fe,0; Co0,). The area of the arrays is on the were thermally annealed to yield highly uniform inorganic NP
centimeter scale, and the NPs show smooth surface and high array with high precision in NP arrangement (step 4). The
uniformity in size and shape. This fabrication method is robust scanning electron microscopy (SEM) image in Figure 1C
and highly flexible: the size of the NPs can be reproducibly shows a representative array composed of highly uniform
tuned by varying the height of polymer nanoarrays, and the GNPs. The transmission electron microscopy (TEM) image of
lattice parameters (e.g., geometric symmetry and periodicity of a single GNP shows its smooth surface and high crystallinity
lattices) can be controlled by the templates used. The NP (inset in Figure 1C, right). The structural color of a
arrays show an extremely high degree of order in the periodic centimeter-scale array indicates that the overall structure is
arrangement of NPs with minimal defect, and hence superior highly uniform (inset in Figure 1C, left). The GNP array
optical properties. For demonstration, we show that GNP exhibited a SLR line width of ~4 nm and a Q-factor of ~218,
arrays exhibit ultranarrow SLR resonances with a line width of which is approaching the theoretical limit (Figure 1D). The
~4 nm and a Q-factor of ~218. The high-quality NP arrays result is in good agreement with our finite-difference time-
726 https://doi.org/10.1021/acsnano.2¢10205
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Figure 2. Characterization of large-area GNP array. (A) Tapping-mode 2D and 3D (inset) AFM image of a P4VP nanocylinder array
fabricated by soft lithography using isopropanol as solvent. (B) The variation in the height (H,) of P4VP nanocylinders as a function of O,
plasma etching time, when isopropanol (black) and ethanol (red) were used as solvents. (CS Height profiles of GNP arrays obtained at
different O, plasma etching times of P4VP. (D—F) SEM images of GNP arrays with different GNP diameter (Dyp) obtained at different O,
plasma etching times corresponding to the data points in the dashed frames of (B): 10 s (D), 15 s (E), and 20 s (F). Insets are the
corresponding size distribution of GNPs. (G, H) Large-area SEM images (left) and corresponding Fast Fourier transform patterns (right) of
GNP arrays with different lattice symmetries: square lattice (G) and hexagonal lattice (H). Insets are SEM images of the GNP array at tilted
angle of 90°.

domain (FDTD) simulation of the optical response of the probably due to the reduced mechanical property of the
GNP array. stamps. Moreover, the Dyp of the GNPs can be accurately
During the patterning of P4VP by soft lithography, the controlled by varying H, of P4VP nanocylinders via oxygen
solvent swells the PDMS stamp to reduce the dimension of the plasma treatment. The increase in the duration of oxygen
nanowells, which enables us to generate nanofeatures with plasma treatment led to an approximately linear reduction in
dimensions smaller than those of the original silicon master. H, of P4VP nanocylinders and hence Dyp of the GNPs, while
Thus, the swelling factor, S (S = L/L,, where Ly and L are the not sacrificing the uniformity of the nanostructures (Figure 2B
length of PDMS before and after being swollen, respectively) and Figure S2). AFM analysis shows that Dy, of the as-
of solvents can be used to tune the dimension of P4VP fabricated GNPs is slightly smaller than their average height,
nanocylinders and hence the diameter (Dyp) of resulting indicating that the GNPs are not perfect spheres (Figure 2C
inorganic NPs. The atomic force microscopy (AFM) image in and Figure S3). When the duration of plasma treatment
Figure 2A shows a representative P4VP nanocylinder array increased from 10 s, to 15 s, and to 20 s, the H, of P4VP
fabricated by using isopropanol (S = 1.09) as the solvent. The nanocylinders decreased from 210 + 1.2 nm, to 190 + 1.3 nm,
height (H,) and diameter of the nanocylinders were ~255 nm and eventually to 167 + 1.5 nm, respectively. Accordingly, this
and ~220 nm, smaller than that of 350 and 250 nm for the observation is accompanied by a decrease in Dyp of the GNPs
silicon master, respectively. The use of solvent with a higher S from 94 + 5.7 nm (Figure 2D), to 84 + 5.6 nm (Figure 2E),
(e.g., ethanol with S = 1.11) resulted in P4VP nanocylinders and eventually to 70 + 6.0 nm (Figure 2F), respectively. The
with a smaller diameter and a lower height (Figure 2B and small standard deviations of Dyp (<9%) confirm the high
Figure S1). However, when dichloromethane with S = 1.22 was uniformity of the GNPs. The smallest GNPs obtained by
used, the uniformity of the array structures was reduced, varying plasma etching time had a Dyp of ~40 nm, although
727 https://doi.org/10.1021/acsnano.2¢10205
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Figure 3. Effect of thermal annealing processes on the formation of single GNP formation. (A) Time-dependent temperature profiles of three
different thermal annealing protocols. (B—D) SEM images of GNPs obtained at b, b,, b;, and b, stage of protocol #1 (B), by protocol #2
(C), and protocol #3 (D). Insets are corresponding schematic illustrations of GNPs. (E) HRTEM images, atomic structure of squared
region, and EDS map of GNPs. Top-right inset is the lattice fringe.

the long etching process (>20 s) slightly broadened the size distributed cluster of GNPs (b,) — core—satellite structure
distribution of the P4VP nanocylinders and hence the GNPs (b;) — single large GNP (b,) (Figure 3B and Figure S7).
(Figure S4). We expect that if necessary, the Dyp of GNPs can Because the loss rate of small GNPs is higher than large ones,

be further decreased by using silicon masters with nanopillars several large GNPs eventually evolved into one single NP at
of a smaller diameter or height. Large-area SEM images and the expense of many small GNPs. In protocol #2 and protocol
corresponding fast Fourier transform (FFT) patterns of square #3, thermal annealing at a single temperature of 700 or 1000
GNP array (Figure 2G) and hexagonal GNP array (Figure 2H) °C generated one big GNP surrounded by many small GNPs,
show high precision in the periodic arrangement of rather than one single big GNP at one site, largely because of
monodispersed NPs in the arrays with minimal defects (Figure insufficient surface-mediated Ostwald ripening (Figure 3C and

SS). As shown in SEM images of GNP arrays at tilted angles of 3D). The growth rate (dDyp/dt) of the GNP is inversely
45° and 90°, the GNPs had a dome-like shape, which is in proportional to temperature T, following the Wynblatt and
accordance with our AFM measurements (insets in Figure Gjostein (W—]) model (see detailed discussions in Supple-
2G,H and Figure S$6). We presume that the GNPs are liquefied mentary Text $1):*

and deformed to acquire a nonspherical shape on substrates

under gravity during thermal annealing. rQ *
Effect of Thermal Annealing. The thermal annealing is ADxp/df o< kTDyp’ (Pre/De” = 1) (1)
crucial to the formation of uniform GNPs with smooth surface
and large grain size through the sintering of small NPs or where t is the annealing time, y is the surface free energy of the
nanoclusters, as demonstrated in a previous publication.> The metal, Q is the volume per atom of the bulk metal, k is
sintering of small GNPs under thermal treatment is governed Boltzmann’s constant, and Dyp* is the reciprocal of ensemble
by two main mechanisms, namely, coalescence sintering and average of 1/Dyp. The growth rate of NPs is slow at a high
Ostwald ripening sintering.*® Coalescence sintering occurs annealing temperature, thus resulting in the formation of many
when two small GNPs touch or collide and merge into a larger small NPs, rather than single large NP with a smooth surface
one. In contrast, Ostwald ripening sintering occurs by and uniform shape, on each site. High-resolution transmission
evaporating and transferring atoms from one GNP to another, electron microscopy (HRTEM) images revealed that the
which is a dynamic process. To elucidate the mechanism, we GNPs were polycrystalline with large grains (Figure 3E). The
compared the formation process of single GNP using three whole area shows the same average lattice plane spacing of
different thermal annealing protocols, as illustrated in Figure ~0.245 nm, corresponding to the (111) lattice orientation of
3A. In protocol #1, a cluster of many small GNPs underwent gold. The grain size within single GNP gradually increased
two intermediate states (b, and b;) to finally form a single with the progress of thermal annealing because of atom
GNP: a cluster of many small GNPs (b;) — a more evenly diffusion-induced recrystallization. Based on normal grain
728 https://doi.org/10.1021/acsnano.2¢10205
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Figure 4. Patterned intermetallic alloy arrays. (A—C) SEM images of different intermetallic alloy arrays: Au—Pd (A), Fe—Pt (B), and Co—Pt
(C). (D-I) Representative STEM images and corresponding EDS maps (D, F, H) and HRTEM images (E, G, I) of different intermetallic
alloy arrays: Au—Pd (D, E), Fe—Pt (F, G), and Co—Pt NPs (H, I).

growth equation, the average grain size D, after a time ¢ can be
written as*®

D" -

)" — Dy o = Kotexp(—E/RT)

2)
where D, is the initial average grain size, n is the grain growth
exponent, K; is a constant, E is the activation energy for grain
growth, and R is the gas constant. The three-step thermal
annealing process in protocol #1 led to a larger grain size of
GNPs than that of GNPs obtained through a single-step
annealing at 900 °C, which is favorable to the enhancement of
optical properties by reducing electron scattering."> Decreasing
annealing temperature to 500 °C reduced the grain size and
the formation of single NPs, because Ostwald ripening is
limited at lower temperature. Increasing the loading amount of
P4VP to 2 or 3 wt % enhanced the density of small GNPs
formed at one site, thus promoting the generation of one large
GNP through the Ostwald ripening at low annealing
temperature (Figure S8). However, in this case the duration
of plasma treatment needs to be optimized; otherwise, the
P4VP residue caused the formation of many tiny GNPs
randomly located on the substrate.

Fabrication of Other Inorganic NP and Alloying
Arrays. Our method is applicable to the fabrication of

729

intermetallic alloy arrays from different metal precursors. For
metals other than Au, the thermal annealing procedures need
to be optimized, depending on the type of metals and the
loading amount of the metal precursors. For instance, for the
Pt NP system, a one-step thermal annealing process at 800 °C
is sufficient to generate monodisperse NP arrays. This is
because the density of small Pt clusters at one site is much
higher than that of Au clusters, due to the higher loading
amount of Pt precursors on P4VP nanocylinders than that of
AuCl,~ complexes. SEM images in Figure 4A—C show high-
quality arrays of intermetallic Au—Pd, Fe—Pt, Co—Pt alloy
NPs synthesized by using HAuCl,, Na,PdCl,, K;Fe(CN),,
K,PtCl,, and K;Co(CN), as the precursors. The arrays had
precisely arranged NPs with smooth surface and uniform
shape, and did not show any defects over a large area (e.g., 100
X 100 um? in Figure S9). The scanning transmission electron
microscopy (STEM) images and corresponding energy-
dispersive X-ray spectroscopy (EDS) show that the metal
elements were uniformly distributed in the corresponding Au—
Pd, Fe—Pt, and Co—Pt NPs, indicating the formation of
intermetallic alloys (Figure 4D, 4F, and 4H). The atomic
compositions measured from EDS were 41/59 for Au—Pd, 8/
92 for Fe—Pt, and 43—57 for Co—Pt, respectively (Figure
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Figure S. Optical properties of GNP square arrays. (A) Transmission spectra of the arrays with different GNP sizes: Dyp = 70 nm and Hyp =
62 nm (black line), Dyp = 84 nm and Hyp = 65 nm (blue line), Dyp = 94 nm and Hy, = 78 nm (red line). (B) Simulated transmission spectra
of GNP arrays with Hyp = 78 nm and Dyp = 100, 130, 150, and 170 nm. (C) FDTD-calculated near-filed distribution map of |EI* (top) and
phase map of ®(E,) (bottom) at band-edge lattice plasmons (A = 870 nm, 6 = 0°). (D) Simulated and (E) experimental dispersion diagrams
of GNP arrays under TE polarization. Band-edge lattice modes are highlighted in the dashed circles.

S10—S12). The intermetallic structures were further confirmed
by HRTEM imaging of the lattice spacing of the alloy (Figure
4E, 4G, and 4I). The measured lattice spacing of around 2.28
A for the Au—Pd and Co—Pt alloy at ~1:1 atomic composition
indicates the formation of L1, face-centered tetragonal (fct)
intermetallic structures.” The lattice spacing of around 2.23 A
for Fe—Pt alloy at ~1:9 atomic composition supports the
formation of L1, face-centered cubic (fcc) intermetallic
structures.”’ Furthermore, our method can be used to fabricate
NP arrays of other metals (e.g, Pd, Pt) and metallic oxides
(Fe,0;, and Co0,) (Figure S13).

Optical Properties of GNP Arrays. The transmission
spectra of GNP square arrays with different diameters Dyp and
heights Hyp were characterized by immersing the arrays in
dimethyl sulfoxide (DMSO, n = 1.48) with refractive index
matching that of the quartz (Figure SA). We compared the
optical responses of GNP square arrays with a periodicity of a,
= 600 nm but varying diameter Dyp. The array with Dyp = 70
nm exhibited a SLR mode with full width at half-maximum
(fwhm) of 4 nm at Ag;, = 870 nm. As Dyp of GNP increases to
84 and 94 nm, the peak positions of SLR red-shifted and the
line widths broadened to 6 and 8 nm, respectively. This
phenomenon can be explained by coupled dipole method (see
detailed discussions in Supplementary Text $2),*" in which the
SLR frequency is governed by the following equations:

1
w, — EwpDNSRe(S)

(3)
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where @, is the surface plasmon frequency and S is the
retarded dipole sum. The line width of SLR can be described
as follows:

3
a)pDNP

Im(1/a, — S) « @

where o is the polarizability of NP, and € is half-width of
surface plasmon resonance. Thus, the main factor affecting the
peak position and line width of SLR is GNP diameter rather
than height (Figure S14). With the increase of GNP diameter,
the frequency of SLR decreases (corresponding to SLR
wavelength red shift) and the line width widens. The
experiment law is consistent with our FDTD simulation of
transmission spectra of the arrays of cylindrical-shaped GNPs
with different diameters (Figure SB). The maximum electric
field intensity IEI*/IE)* around NPs at Ag is approximately
2500, which is much larger than that around single NP at 4; pp
(Figure SC and Figure S15). The phase ®(E,) distribution
map shows that the dipole moments of individual NPs oscillate
in-phase and couple with the diffraction mode to form a
standing wave pattern (Figure SC). Experimental dispersion
diagrams of GNP arrays under TE polarization showed a clear
band-edge lattice mode that can support potential applications
in nanolasing and sensing, which is in good agreement with our
simulations (Figure SD and SE). The mode dispersions were
reversed under TM polarization, and the out-of-plane SLRs get
excited (Figure S16). The GNP hexagonal arrays show similar
SLRs, and no particular advantage over square arrays in terms
of the line width and near-field enhancement (Figure S17)
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Table 1. Summary of Experimentally Obtained Q-Factors of SLR in GNP Arrays

Q A (nm) material EBL metal deposition thermal annealing area ref.
218 870 GNP no no yes large this work
29 600 GNP no no no large ©
25 930 GNP yes yes no small +
30 850 GNP no yes no large "
S0 600 GNP yes yes no small *
60 800 GNP yes yes no small 6
153 764 GNP yes yes no small ¥
300 1500 Au/Gra yes yes no small 8
215 860 GNP no yes yes large 1
2340 1550 GNP yes yes no small +

CONCLUSIONS

In summary, we have developed a versatile method for
fabricating high-quality inorganic NP arrays over a large area in
a typical standard laboratory. This fabrication method shows at
least four important advantages over existing top-down
techniques: (i) it is simple to implement for efficient creation
of many replicates of NP arrays at the same time from one
master in a robust manner; (ii) it does not require a cleanroom
facility or special tools such as electron beam lithography
(EBL) and metal deposition equipment; (iii) it is applicable to
fabricating NP arrays from different metals, intermetallic alloys,
and metal oxides; and (iv) the resulting NPs are uniform in
size and shape, and have high crystallinity and smooth surface.
Table 1 summarizes the characteristic features of GNP arrays
fabricated by using the state-of-the-art techniques reported in
recent years. The GNP arrays prepared by our method
exhibited a Q-factor of 218 at the wavelength 870 nm, which is
the highest among all the methods capable of effectively
preparing GNP arrays with an SLR wavelength range of 400—
1000 nm where metals have extremely high intrinsic losses.""
Specifically, the approach by Odom et al.'> generates GNP
arrays with a comparable Q-factor of 215, but requires more
complicated procedures involving twice metal deposition,
metal chemical etching, etc. The method we developed offers
an important addition to the tools for fabricating high-quality
NP arrays with tailored optical, catalytic, and magnetic
properties for different applications

We envision that by changing the type of polymers, the
composition of precursors, and the formation mechanism of
NPs, our method can be further extended to fabricate a library
of arrays from upconversion NPs,”’ quantum dots,”' and
metal—organic frameworks.”> When relief silicon masters with
nanopillars of other shapes are used, this method can be
potentially used to generate arrays of shaped NPs (e.g, gold
nanorods, nanotriangles). The NP arrays can be used as seeds
to selectively grow a layer of other inorganic materials or as
nanotemplates to guide the assembly of other NPs, yielding
morphologically more complex nanostructures (e.g, core—
shell or Janus structures). The diversity in the shape,
composition, and morphology of NPs enables a much wider
range of applications of NP arrays in such as display, lighting,
imaging, and electrocatalysis.

METHODS

Materials. Metal compounds [(HAuCl,-3H,0), K;Fe(CN)g,
Na,PdCl,, K;Co(CN),, and K,PtCl,], polymer poly(4-vinylpyridine)
(P4VP, average M, ~ 160000), and fluorosilane (tridecafluoro-
1,1,2,2-tetrahydrooctyl-1-trichlorosilane) were purchased from Sigma-
Aldrich. Sulfuric acid (H,SO,), hydrogen peroxide (H,0,), hydro-
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chloric acid (HCIl), ethanol, acetone, isopropanol, and dichloro-
methane were purchased from Sinopharm Chemical Reagent. The
relief nanopatterned silicon masters (square and hexagonal array of
posts with diameter d = 250 nm and d = 190 nm, height h = 350 nm,
pitch a, = 600 nm) were purchased from Max Levy Autograph, Inc.
(MLA). All the chemicals and reagents were used as received.
Deionized water used in the experiments was purified using a
Millipore water purification system with a minimum resistivity of 18.2
MQ-cm.

Preparation of the Substrate. Silicon (Si) wafers or quartz
slides (1 X 1 cm?) were sonicated in ethanol, isopropanol, and
acetone for 15 min and then immersed in a 98% H,S0,:30% H,O, =
7:3 (v/v) mixture of piranha solution. The surface was hydroxylated
by boiling for 30 min, and the residual acid was removed by rinsing
the Si wafers with deionized water. The wafers were dried in an oven
at 100 °C for 1 h to later use.

Patterning P4VP Nanocylinders on Substrate. The relief
nanopatterned silicon masters were passivated with a fluorosilane
(tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane) for 24 h in a
vacuum desiccator. SYLGARD 184-PDMS (base and curing agents
are mixed in 10:1 mass ratio) was poured on the masters and cured
for 2 h at 70 °C. The obtained PDMS molds were placed in contact
with 1 wt % P4VP isopropanol solutions for 10 s, and then the mold
was immediately placed into conformal contact with the processed
substrate. The solvent trapped in the wells swelled the PDMS mold
and caused a reduction in size of the mold patterns. After the solvent
evaporated for 30 min, the mold was removed, and P4VP posts were
formed on the substrate. The diameter of the P4VP nanocylinders was
tuned in the range of 120—250 nm by using solvents of different
swelling factor. Although we did not focus on reducing NP dimension
and interparticle spacing, previous research shows that the dimension
of nanocylinders and distance between nanocylinders can be reduced
down to ~10 nm and ~50 nm by a soft lithography-based method,
respectively.*®

Fabrication of the GNP Arrays. The patterned P4VP nano-
cylinders were treated by oxygen plasma at 60 mTorr, 35 s.c.c.m., and
60 W of power for §, 10, 15, 20, and 25 s. For GNPs, the P4VP arrays
were immersed in 3 mM HAuCl, acidic aqueous solution for 1 h to
selectively deposit gold ionic precursors into P4VP posts. After
precursor loading, the samples were rinsed with deionized water and
dried with N, gas. Oxygen plasma treatment for 4 min completely
removed the P4VP, and ordered gold nanoclusters were left on the
substrate. A three-step thermal annealing protocol induced the
agglomeration of gold nanoclusters and generated monodisperse GNP
arrays: The temperature was first increased to 500 °C with airin 1 h
followed by annealing at S00 °C for 2 h; Until it cools naturally to
room temperature, the temperature was then increased to 700 °C
with air in 1 h followed by annealing at 700 °C for 2 h; Until it cools
naturally to room temperature, the temperature was finally increased
to 1000 °C with air in 1 h followed by annealing at 1000 °C for 2 h.

Fabrication of Other Inorganic NP Arrays. For Pd and Pt NPs,
the P4VP arrays were immersed in 1 mM Na,PdCl;:3% HCI and 1
mM K,PtCl,:3% HCI for 30 min. For Fe,O; and CoO, NPs, the
P4VP arrays were immersed in 1 mM K;Fe(CN)4:0.1% HCI and 1
mM K;Co(CN),:0.1% HCI for 30 min. For AuPd alloying NP, the
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P4VP arrays were immersed in 0.35 mM of Na,PdCl, and 0.65 mM of
HAuCl,:3% HCI for 30 min. For FePt alloying NP, the P4VP arrays
were immersed in 0.35 mM K;Fe(CN)4 and 0.5 mM K;Co(CN)4:3%
HCI for 30 min. For CoPt alloying NP, the P4VP arrays were
immersed in 0.4 mM of K;Co(CN)4 and 0.6 mM of K,PtCl,:3% HCl
for 30 min. Subsequent thermal annealing under Ar atmospheres at
800 °C for 2 h agglomerated and crystallized nanoclusters to form NP
and intermetallic nanoalloy array.

Characterization. Samples on the substrate were directly imaged
using a Gemini UltraS5 (Zeiss) scanning electron microscope (SEM)
or using a FEI Tecnai G2 F20 transmission electron microscope
(TEM). For TEM characterization, the NP arrays on substrates were
placed in ethanol and the individual NPs were peeled off from the
substrates by sonication. A droplet of the NP solution in ethanol was
dropped onto a TEM grid and dried in air. The surface of P4VP and
GNP arrays and the film thickness were characterized using a
Dimension FastScan (Bruker) atomic force microscopy. The
transmission and dispersion diagram of GNP arrays were charac-
terized by using the homemade polarization-resolved momentum-
space measurement system (see detailed schematic graph in Figure
S18). By using Kohler illumination, the sample was shined with
different incident angles at once. The transmitted light was collected
by an objective lens (N.A. = 0.4) and detected by a spectrometer at
the Fourier plane. A linear polarizer was put before the spectrometer.
Then the polarization-resolved dispersion diagram in wavelength (4)-
incident angle (6) units can be obtained.

Theoretical Analysis. Please see the Supplementary Texts S1 and
S2 for the detailed derivations and discussions of the nanoparticle
growth model and surface lattice resonance theory.

Numerical Simulation. The optical properties, electrical field
distributions, and phase maps of plasmonic structures are simulated
by the finite-difference time-domain (FDTD) method (using
commercial software FDTD Solutions). The angle-resolved trans-
mittance spectra were simulated by Broadband Fixed Angle Source
Technique (BFAST) in FDTD. The dielectric functions of Au are
taken from the Johnson and Christy 1972 values. A uniform mesh size
of 2 nm was used to ensure the accuracy of electric and magnetic field
calculations within the NPs.
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