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ABSTRACT We introduce Plasmene— in analogy to graphene—as free-
standing, one-particle-thick, superlattice sheets of nanoparticles (“meta-atoms”)
from the “plasmonic periodic table”, which has implications in many important
research disciplines. Here, we report on a general bottom-up self-assembly approach
to fabricate giant plasmene nanosheets (i.e., plasmene with nanoscale thickness but
with macroscopic lateral dimensions) as thin as ~40 nm and as wide as ~3 mm,
corresponding to an aspect ratio of ~75000. In conjunction with top—down

lithography, such robust giant nanosheets could be milled into one-dimensional

nanoribbons and folded into three-dimensional origami. Both experimental and theoretical studies reveal that our giant plasmene nanosheets are analogues of

graphene from the plasmonic nanopartice family, simultaneously possessing unique structural features and plasmon propagation functionalities.
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Ithough the past two decades have

witnessed the emergence of various

superlattice materials from quantum
dots,' > magnetic®**® and metal® % nano-
particles, and even protein,>* their plasmo-
nic properties did not draw much attention
until recently."?>~%” Plasmon hybridization
theory?® predicts the resonance coupling in
structurally well-defined nanoparticle as-
semblies including plasmonic molecules,
polymers, two-dimensional (2D) and three-
dimensional (3D) superlattices.? In particu-
lar, for free-standing plasmonic nanoparti-
cle superlattice sheets (termed plasmene),
the hybridized plasmon modes and near-
field distributions can be strictly controlled
in a 2D plane, which can in principle be
programmed by adjusting the sizes and
shapes of the constituent nanoparticles
and varying the interparticle spacing (note
that porous metallic sheets were previously
defined as plasmene rolls;3*® however, our
plasmene is built from elemental nanopar-
ticle building blocks, a true analogue to
graphene). The ability to fabricate plasmene
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nanosheets is of fundamental significance
for understanding the large-scale 2D self-
assembly, and of practical significance for
engineering of flexible/stretchable plasmo-
nic devices and circuits. Despite a few re-
cent examples of free-standing plasmonic
nanoparticle superlattices,>'"'®?”3" none
of them can meet the requirement of giant
plasmene nanosheets, let alone further
manufacturing into 1D or 3D plasmonic
structures. Using bimetallic Au@Ag nano-
cubes (NCs) as model building blocks, we
demonstrate a general self-assembly ap-
proach to fabricate giant plasmene nano-
sheets, which can be further shaped into
nanoribbons and origamis in conjunction
with top—down focused ion beam (FIB)
lithography.

RESULTS AND DISCUSSION

We begin with synthesis of monodisperse
Au@Ag NCs by following the recently re-
ported protocols®? with some minor mod-
ifications. In brief, gold nanospheres with
diameter of ~11 nm were synthesized and
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Figure 1. Fabrication of giant NC-plasmene nanosheets. (a—d) Schematic of fabrication process of NC-plasmene nanosheets
by ligand exchange in conjunction with drying-mediated self-assembly. Characterization of giant NC-plasmene nanosheets at
the (e) macro-, (f) micro-, and (g) nanoscale by optical microscope, SEM, and TEM, respectively.

used as cores, and a uniform coating layer of silver
was deposited on them. The average edge lengths of
the as-synthesized NCs can be tuned from ~21 to
~33 nm. Such NCs exhibit well-pronounced dipolar,
quadrupolar and octopolar localized surface plasmon
resonance (LSPR) bands>? (see Supporting Information
Figures S1 and S2). Notably, the pristine NCs were
stabilized by hexadecyltrimethylammonium chloride
(CTAQ), a weak-binding ligand, which nevertheless
provides insufficient protection from random nano-
particle aggregation. Therefore, a two-step ligand ex-
change procedure®”*! was applied to replace CTAC by
a much stronger binding ligand, thiolated-polystyrene
(PS) (M,, = 50000 g mol™") (Figure 1).

To grow giant plasmene nanosheets, a droplet of
concentrated chloroform solution of PS-capped NCs
was spread onto a sessile water drop on a holey copper
grid (2000 mesh with hole-size of 7 um x 7 um,
Figure 1c). Rapid chloroform evaporation confined
the self-assembly of PS-capped NCs at the air/water
interface forming monolayered nanosheet patches.
Subsequent slow water evaporation reduced the inter-
face area by about 50% from a hemisphere-like surface
to a pancake-like surface. This process gradually fused
the patchy nanosheets into giant nanosheets covering
the entire holey substrate. Such-formed plasmene
sheets could have a lateral dimension of ~3 mm and
a thickness of ~40 nm, corresponding to an aspect
ratio of ~75 000.

At the macroscopic scale, the plasmene sheets were
readily observable under an optical microscope with
distinct colors (Figure 1e); at the microsocopic scale,
the plasmene sheets were monolayered yet flexible
(Figure 1f); at the nanoscopic scale, NCs were in
ordered packing (Figure 1g). The quality of giant
plasmene nanosheets critically depended on the
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length of the polymer ligands but was almost inde-
pendent of the type of substrates. Strikingly, our giant
plasmene nanosheets could be even shaped into
desired shapes and patterned into regular arrays.
Atomic force microscope (AFM) line scanning further
proved that our plasmene nanosheets were single-
particle-thick, with an average thickness of 40 2 nm.
Despite being extremely thin, the sheets were me-
chanically strong, with a typical Young's modulus
of ~1 GPa, as derived from the AFM nanoindentation
(see Supporting Information Figure S4). The robustness
of our plasmene sheets allows one to use them as
mechanical membrane resonators with fundamental
resonance frequencies ranging from 40 to 220 kHz. The
measured quality factors of such resonators exceeded
100 in air, which is about 1 order of magnitude larger
than the quality factors of alkyl-nanoparticle super-
lattice sheets>* (see Supporting Information Figure S5).

The NC-based plasmene sheets exhibit strong plas-
monic resonance peaks in the extinction spectra. High-
precision numerical simulations are then carried out to
identify the dominant plasmon modes corresponding
to the extinction peaks. The structural parameters of
the plasmene sheet were extracted from the represen-
tative TEM images (Figure 2a) and used in numerical
simulations based on CST Microwave Studio Suite.
Figure 2b depicts the near-field distribution pattern
calculated along the z-plane passing through the
center of the NC plasmene sheet. Strong electromag-
netic fields are seen to be highly localized in the inter-
nanoparticle gaps. A direct correlation can be observed
where narrower gaps led to stronger filed confine-
ment. This localized near-field gets enhanced due to
the plasmonic coupling between the nanoparticles,
and the plasmonic gap resonance arises from the
standing wave mode sustained by the capacitive
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Figure 2. Plasmonic properties of giant NC-plasmene nanosheet. (a) Representative TEM image for NC plasmene sheet used
to simulate (b) near-field distributions when excited with light having a free space wavelength of 490 nm. (c) Experimental

extinction spectrum of the NC plasmene sheet.

coupling between the adjacent nanoparticles.>> The
observed peak in the extinction spectrum (Figure 2c)
corresponds to the resonance of the gap plasmons
confined to 2D planes.

In addition to gap plasmon modes, our plasmene
sheets could also support plasmon propagating on
their top surfaces. We extracted the exact size distribu-
tion and interparticle spacing from the TEM image in
Figure 2a, and used the ensemble as a unit cell to form
a 2D giant plasmene sheet. Simulation shows that
when light from an excitation port falls over a small
area in the center of the sheet, plasmon excitation can
propagate across the entire sheet following a cylindrical
wave pattern (see Supporting Information Figure S6,
Supporting Information Movies 1 and 2). Numerically
calculated field-amplitude decay time of the plasmon
excitations provides additional evidence of decaying
surface plasmon resonances with 1/e—amplitude decay
time of ~11 fs (see Supporting Information Figure S7),
which is significantly longer than the decay time of
localized surface plasmons of isolated metal nano-
particles®® (~6 fs) and is comparable to the reported
value for a nanocrystal superlattice.>

To further verify the propagating nature of the
excited plasmons, we transferred the plasmene nano-
sheets onto side-polished D-shape optical fiber to form
a hybrid fiber-to-plasmene waveguide coupler (see
Supporting Information Figure S8). By investigating
the polarization of the output light from this coupler,
we were able to determine the nature of the propagat-
ing surface wave. Unlike graphene, which supports
transverse electric (TE) propagating waves,” 3 our
plasmene sheets selectively support transverse mag-
netic (TM) propagating waves, with electric field per-
pendicular to the sheet's surface. This is because the
fiber-to-plasmene coupler has a metal—dielectric inter-
face where TE surface wave is forbidden and only
the vertically polarized plasmons can propagate
through the plasmene sheet (see Supporting Informa-
tion Figure S9). We obtained a polarization extinction
ratio exceeding 10 dB, which is comparable to that of
the solid metal film-based polarizers.*°
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Analogous to graphene, our plasmene sheets could
be milled into free-standing nanoribbons without
any fracture by FIB lithography (Figure 3a—e).
We fabricated 3-, 4-, 6-, 8-, and 11-particle-wide NC
plasmene nanoribbons, corresponding to widths of
113 £ 10, 206 + 8, 305 + 8, 405 + 8, and 502 +
11 nm, respectively. All the nanoribbons had smooth
top surfaces and the NC particles remained ordered
after FIB milling. Both theoretical and experi-
mental results (Figure 3f,g) indicated evident width-
dependent properties, analogous to plasmonic proper-
ties of graphene nanoribbons.*' From the simulated
extinction spectra of perfectly ordered NCs arranged in
shape of ribbons (Figure 3f), we can identify two main
trends similar to those reported for graphene nano-
ribbons when the ribbon width increases: (1) the main
characteristic resonance peaks i, ii, iii (corresponding
to edge-coupled, corner-coupled and edge-corner-
coupled modes, respectively; see Supporting Informa-
tion Figure S11) exhibited an overall trend of red-shift
with increasing ribbon width but at different disper-
sion rates (Figure 3f). Peakiiii disperses a faster rate than
peaks i and ii and, hence, exhibits the most prominent
red-shift, and (2) the peak iii intensity of the extinction
spectra was observed to grow linearly with increasing
nanoribbon width (Figure 3g). Note that each extinc-
tion spectrum also exhibits a few more low energy
peaks/shoulders. The origin of all these spectral fea-
tures are thoroughly investigated using electric field-
lines pattern (see Supporting Information Section II-2
and Figure S12). This helps one to identify the modes
based on symmetric/antisymmetric types of coupling
between different linear chains of NCs in a plasmene
nanoribbon across its width, and the way these modes
evolve for wider nanoribbons.

For the experimental spectra, the size dispersions of
the constituent nanoparticles and interparticle spacing
dispersions resulted in the merging of the weak peaks
(peaks i and ii) with the strong peak iii. This can be
appreciated from the fact that due to minor disorder-
ing present in the fabricated nanoribbons, the edge-
coupled mode (peak i) and corner-coupled mode (peak ii)
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Figure 3. Characterization of plasmene nanoribbons (NRs) with different widths. (a—e) SEM characterization of plasmene
nanoribbons with width of (a) ~3, (b) 4, (c) 6, (d) 8, and (e) 11 NCs. (f) Simulated extinction spectra of the nanoribbons from
(a—e) and (g) trends of peak (iii) observed in (f) with increasing nanoribbon width. Simulations are based on approximations
that all NCs are identical and uniformly spaced. (h) Experimental extinction spectra of the nanoribbons from (a—e) and (i)
trends of the dominant peak observed in (h) with increasing nanoribbon width. Highlighted regions indicate the dominant
peak considered to investigate the effect of nanoribbon width on its optical response. (j) Top view and (k) side view of electric
field distribution along the nanoribbon length (8-NC wide with length of ~1.83 um) showing the propagation of surface
plasmons in form of waveguide mode and edge plasmon mode, when excited with light having a free space wavelength of
490 nm. The simulation is based on exact modeling of NC nanoribbon according to the representative TEM images of NC
plasmene sheet shown in Figure 2a.

essentially merge to the edge-corner coupled mode To estimate the plasmon propagation length in a
(peak iii), giving rise to a wide spectrum. Moreover, nanoribbon, we modeled a 1D NC-plasmene nanorib-
due to the deviation from a perfectly ordered array as bon using a unit cell based on the representative TEM
considered in simulation, the intensities of the weak image (Figure 2a) by repeating the unit cell unidirec-
low energy modes are more likely to get further tionally. The excitation portimpinges light over a small
reduced, and hence, they do not appear prominently area on one end of the nanoribbon, creating plasmons
in the experimental spectrum. All these eventually give propagating along the length of the nanoribbon.
rise to a broadband extinction spectrum with just Simulations predicted a 1/e—amplitude decay propa-
one dominant peak, which is recorded experimentally. gating length of ~340 nm when excited with light at
However, it is noteworthy that despite these imperfec- the gap-mode-resonance wavelength of 490 nm. This
tions, the trends in the peak developments (Figure 3i) propagation length can be further increased by im-
are consistent with those predicted by simulations pinging light with shorter wavelength as losses in silver

(Figure 39), especially for the dominant peak (peak iii). monotonously decreases with shorter wavelength.

The width-dependent nanoribbon plasmonic prop- Similar to graphene nanoribbons,*? waveguide mode
erties can be theoretically interpreted by invoking the and edge mode surface plasmon propagation can be
well-known plasmon hybridization theory.?® The ex- observed for our plasmene nanoribbons, as seen in top

tinction resonance peak depends significantly on the view (Figure 3j, see Supporting Information Movie 3)
strength of the bonding plasmons between NCs. The and side view (Figure 3k, see Supporting Information
plasmon hybridization theory predicts that the reso- Movie 4).

nant energy of the bonding plasmons is lower than Remarkably, our unique plasmene nanosheets could
that of discrete plasmons, leading to a spectral red be folded into various geometrically well-defined 3D
shift. With increase in nanoribbon width, more number origamis by programmed FIB-milling. The “gentle” FIB

of bonding plasmons interact with each other, there- milling can partially etch the sheets, likely by removing
fore, leading to spectral red-shift of the extinction peak. the surface-binding polystyrene ligands and induce
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Figure 4. Plasmene origami. (a) SEM images showing the different origami structures: cube, pentagon, hexagon, diamond,
hearts, and plane. (b) A series of SEM images depicting the flapping motion of a bird's wings. (c) Experimental and (d)
simulation spectra for unfolded sheet and folded 3D origami structure. Insets in (c) and (d) show SEM images and simulation
models of the corresponding structures, respectively. Normalized near-field distribution patterns along the cross sections of
the simulation models for the peaks (i) and (ii), shown in the simulation spectra. Scale bar is 200 nm for all SEM images.

local heating,** which resulted in local stress buildup
and folding of plasmene sheets at certain angles
depending on the milling depth (see Supporting In-
formation Figure S13). By programming the FIB-milling
parameters including locations, beam current and dwell-
ing time (see Supporting Information Section lIl-2), we
could obtain well-defined origami structures such as
cube, hexagon, pentagon, heart, air plane (Figure 4a),
and even a “flying bird” (Figure 4b, see Supporting
Information Movie 5). The folding angles of the bird
wings can be well-controlled by programming the
milling depth.

Using the 3D origami structure (shown in the inset of
Figure 4c) as an example, we illustrate how folding
affects plasmonic resonance properties. We found that
plasmonic peak shifted to blue with narrowing band-
width when unfolded nanoribbon was crafted into a
3D origami. Consistent with experimental observations
(Figure 4c), the numerical simulations also predicted
blue shift with folding (Figure 4d). The blue shift may
be attributed to reduction in plasmonic interactions
owing to incoherent interparticle coupling between
the nanocubes of the origami structure. This may be
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attributed to the fact that for an origami structure,
incident light reaches the nanoparticles (at different
heights) of the side planes of the 3D origami at
different phases. The near-field distribution patterns
obtained along the cross section of an unfolded
nanoribbon (Figure 4d (i)) and folded 3D origami
(Figure 4d (ii)) also testify the change in near-field
coupling between adjacent nanocubes of the ribbon
upon folding.

The effect of folding of a plasmene nanoribbon on its
optical response is further investigated by numerically
evaluating the extinction spectra of single-folded rib-
bons with different folding angles (see Supporting
Information Section Ill-3). The trend of spectral evolu-
tion of plasmon resonance peaks with increasing fold-
ing angles is shown in Supporting Information Figure
S20. A comparative analysis of the normalized near-
field distribution patterns (see Supporting Information
Figures S21 and S22) allow one to appreciate folding-
induced spectral evolution of the dominant resonance
peak. On the basis of these findings, we analyzed and
explained the blue shift in the evolution of optical
spectrum for a multifolded 3D origami shown in
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Figure 4d (see Supporting Information Section -3 and
Figure S23). Although, some minor differences were
noted between the simulated and experimental
spectra, these can be attributed to the fact that all
the NCs are considered to be identical and uniformly
spaced in the simulations (see Supporting Informa-
tion Figure S23).

CONCLUSION

In summary, we have demonstrated a robust general
approach to fabricate giant plasmene nanosheets
which exhibit analogous properties to graphene as
well as some unique features. Similar to graphene, our
plasmene is mechanically robust, and can be used as a
mechanical resonator; it can also support propagating

METHODS

Materials. Gold(lll) chloride trihydrate (HAuCl,- 3H,0, =99.9%),
hexadecyltrimethylammonium bromide (CTAB), cetyltrimethy-
lammonium chloride solution (CTAC, 25 wt % in H,0), silver nitrate
(AgNO3), sodium borohydride (NaBH,) and L-ascorbic acid were
purchased from Sigma-Aldrich. Tetrahydrofuran (THF) and chloro-
form were obtained from Merck KGaA. Thiol-functionalized poly-
styrene (M,, = 50000 g/mol, M,,/M,, = 1.06) was purchased from
Polymer Source, Inc. All chemicals were used as-received unless
otherwise indicated. Demineralized water was used in all aqueous
solutions, which were further purified with a Milli-Q system
(Millipore). All glassware used in the following procedures was
cleaned in a bath of freshly prepared aqua regia and rinsed
thoroughly in H,O prior to use.

Gilder extra fine bar grids (2000 mesh with 7 x 7 um? square
holes) were purchased from Ted Pella. Holey silicon nitride
support films (2-um-diameter hole, 4 um pitch) were purchased
from SPI supplies.

Synthesis of Polystyrene-Capped Au@Ag NCs. The synthesis of
high-quality CTAC-capped Au@Ag NCs was achieved by adopting
the slightly modified recently developed approaches (see Sup-
porting Information Section I-1). Replacement of CTAC with
thiolated PS was achieved using a two-step ligand-exchange
procedure.’?! The as-prepared CTAC-stabilized Au@Ag NCs
(5 mL) were typically spun down and concentrated into 0.1 mL,
followed by dropwise addition of the above concentrated
Au@Ag NCs to an excess thiol-functionalized polystyrene solution
(dissolved in THF, 2 mg mL™") under vigorous stirring. After aging
overnight at room temperature, the supernatant was discarded
and the samples were purified by repeated centrifugation—
precipitation cycles and redispersed in chloroform as a stock solution.

Fabrication of Giant Plasmene Nanosheet. One drop of chloro-
form solution of PS-capped Au@Ag NCs (~27 nM) was typically
spread onto the surface of convex-shape water droplet on a
holey copper or silicon nitride grid. After quick chloroform
evaporation, silver-colored reflective solid films formed on the
water subphase. Subsequently, water slowly evaporated, lead-
ing to the formation of the giant plasmene sheets that covered
almost the entire grid.

Fabrication of Nanoribbons and Origami. Plasmene sheet on a
holey copper grid (7 um x 7 um) was bonded to ITO glass on
an aluminum sample holder with conductive copper tape to
eliminate any charging effect. FEI Helios Nanolab 600 FIB
machine was used to generate gallium ions with an accelerating
voltage of 30 kV. An ion beam current of 28 pA and a dwell time
of 100 us/100 ns were used in the experiments. The detailed
patterning design and dimensions are given in the Supporting
Information Section Il and IIl.

Characterization. Electron imaging was carried out using Phi-
lips CM20 TEM or FEI Tecnai G2 T20 TEM operating at an
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plasmons and be shaped into 1D nanoribbons with
width-dependent plasmonic properties. Despite their
structural imperfection, our first version of plasmene
sheets have exhibited a number of unique features: (1)
plasmene could be, in principle, customized arbitrarily
using various “meta-atoms” elements from the artificial
metamaterial periodic table;? (2) the hybrid organic/
inorganic composition of our plasmene sheets enabled
the fabrication of 3D origami structures. Given the
generality of the concepts and methodologies estab-
lished here, we believe that plasmene materials will
lead to a wide range of scientific and technological
applications, like flexible and stretchable plasmonics,
foldable plasmonic devices, plasmonic waveguiding,
switching and sensing, etc.

accelerating voltage of 200 kV, or Hitachi H-7500 field emission
TEM operating at 80 kV.

The optical extinction spectra of the bulk solution samples
were measured using Agilent 8453 UV—vis spectrophotometer
and the spectra of plasmene nanosheets, nanoribbons and
origamis were obtained using J&M MSP210 microscope spec-
trometry system. Optical micrographs of the plasmene sheets
were taken by Nikon industrial bright-field microscope (ECLIPSE
LV 100D) under transmission and reflectance modes.

Mechanical properties were measured by adopting the
previously reported approach.'® Force—displacement curves
and topographical structures were obtained with a Veeco
Dimension Icon AFM in tapping mode using Bruker silicon
probes (MPP-11120-10). The spring constant of the cantilever
was 40 N m~". The typical tip speed for the nanoindentation
was 500 nm s~'. The AFM data was characterized using
Gwyddion software.

Resonance properties were collected by mounting a piezo-
electric transducer (PZT) plate driven by an electrical function
generator on the backside of the membrane chip. The vibration
displacement amplitude of the membrane resonator was mea-
sured by PolyTec interferometer with phase locked loop, which
has a picometer resolution in vibration amplitude. During
standing wave vibration amplitude 2D mapping, the driving
frequency was fixed at the resonance mode and the interfe-
rometer laser gun was controlled by a stage controller for lateral
movement with sub-0.5 um lateral resolution.

Numerical Simulations. The numerical simulations of plasmene
nanoribbon and origami structures were performed using CST
Microwave Studio Suite. The frequency—domain FEM solver
was deployed to obtain the extinction spectra of these nano-
structures. Perfectly matched layer (PML) was used at the
simulation domain boundaries, making the incident waves pass
the boundaries with minimal reflections. Some extra space was
also added in the models around the target nanostructure
within the open boundaries to enable far-field calculations.
Tetrahedral mesh, which is more accurate at metallic material
interfaces, was used in the frequency—domain simulations with
automatic mesh refinement to study the optical response over
the wavelength window of interest. An adaptive hexahedral
meshing was considered for time—domain simulations. Steady-
state accuracy limit of —60 dB was considered in all the time—
domain studies reported here.
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