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Abstract

Current graphene-based plasmonic devices are restricted to two-dimensional (2D) patterns
defined on planar substrates; thus, they suffer from severe substrate-induced losses and spatially-
limited 2D plasmon fields. Here, we introduce three-dimensional (3D) graphene forming
freestanding nanocylinders realized by a plasma-triggered self-assembly process. The graphene-
based nanocylinders induce hybridized edge (in-plane) and radial (out-of-plane) coupled 3D
plasmon modes stemming from their curvature, resulting in a four orders of magnitude stronger
field at the openings of the cylinders than in rectangular 2D graphene ribbons. For the
characterization of the 3D plasmon modes, synchrotron nanospectroscopy measurements were
performed, which provides the first evidence of preservation of graphene plasmons in the high
precision curved 3D nanocylinders. The result clearly demonstrates a

superior

at the coupled edges

within the cylindrical structures.
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Introduction

Current graphene-based plasmonic devices [1-5] are restricted to 2D patterns defined
on planar substrates due to the intrinsic geometrical limitations of graphene’s 2D form [6-11].
The limited geometry (2D configuration) induces only an edge coupled surface plasmon mode on
the graphene surface (in-plane direction) [12], causing graphene to suffer from spatially-limited
2D plasmon fields with low spatial coverage of the enhanced near-field and extreme
susceptibility to the underlying substrate material [13,14]. One strategy to
overcome the surface-limited fields induced by the in-plane plasmon mode is to extend graphene
in the out-of-plane direction by building three-dimensional (3D) graphene structures. A large
number of techniques have been explored to achieve 3D forms of graphene such as graphene-
based stacks [15-17], wrinkles [18-20], and bubbles [21,22] where the additional dimension
offers enhanced optical properties, as demonstrated by, for example, amplified gate tunability via
distributed carriers into 3D stacked graphene layers [15]; programmable plasmon reflection by
manipulating the morphology of graphene wrinkles [20]; and ultra-confined plasmonic hotspots
from trapped plasmons within graphene bubbles [21]. However, these simple structures still
suffer from a lack of non-spatially limited hybridized 3D plasmon modes, due to the limited
coupling pathways, which exhibit low sensitivity, poor and inaccessible spatial coverage of the
enhanced field (between the stack layers and inside the bubbles), and a low figure of merit
(FOM). Therefore, it is necessary to design 3D structures that simultaneously induce hybridized
in-plane and out-of-plane coupled 3D plasmon modes, and a technique to fabricate well-
controlled 3D graphene architectures is urgently required to explore the blue ocean of 3D

graphene plasmons. To explore the novel physical properties, origami inspired self-assembled



3D graphene structures have been realized [23-26] with theoretical investigation of the 3D
plasmons (large surface area modes, volumetric fields, and nano focused fields based on the
coupling within their geometry over an added dimensionality) induced in polyhedron [27,28].
However, the polyhedral structures sacrifice high intensity edge and locally confined in-plane
modes for the bulk area and volume (out-of-plane) modes. To explore-the—vast-ocean—otrealize

3D graphene plasmonics_with true volumetric plasmonic enhancement, it is necessary to retain

the edge and localized modes while simultaneously achieving non-surface limited fields.

In this paper, we develop hybridized edge (in-plane) and radial (out-of-plane) coupled
3D plasmon modes by realizing 3D cylindrical graphene nanostructures (Figure 1) and
investigate their 3D plasmonic behaviors (Figure 1d-f). A large array of graphene-based
nanocylinders is realized using a self-assembly process that offers halfway (Figure 1b) and fully
curved cylindrical (Figure 1c) graphene nanostructures suspended on a substrate. For the
characterization of the 3D plasmon resonances in the cylindrical graphene, synchrotron infrared
nanospectroscopy (SINS) measurements are carried out and is the first evidence of plasmon
resonance in well-defined complex 3D graphene geometries. The comparative analysis of the

data extracted from the AEM-basedIR scattering-type scanning near-field optical microscopy (s-

SNOM) imaging-image and the simulated results and-speetralinformation-reveals acenfinement

factor-oftwo-erders—of-magnitudethe superior plasmon resonance and scattering within the 3D

graphene cylinders without losses from substrate or their 3D configurations_and with superior

FOM compared to its 2D nanoribbons counterpart..
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Figure 1. Schematic illustration of the transformation of a) 2D graphene ribbon, b) half-way curved
graphene cylinder, and c) 3D graphene cylinders. d-f) Change in the electric field distribution simulated
as a result of curving of graphene structures. The color bar shows the value of the mapped electric-field
enhancement in the graphene structures in natural log scale.

An array (30x100) of 2D graphene-based ribbons [3 nm thick aluminum oxide
(ALLOs)/single layer CVD graphene/3 nm thick ALL,O5/5S nm tin (Sn)], each with dimensions of
1.5umx15 pum, was first fabricated on a high resistivity silicon (Si) substrate (Figure 2a,e,i,m). In
the sandwiched structure, the two layers of Al,O; work as frames supporting the graphene as
well as protection layers, shielding the graphene from being damaged by an etching process
during self-curving. The Sn layer is the actuation layer [29], generating surface tension forces
during the plasma triggered self-assembly process in a reactive ion etching (RIE) system (Figure
2a-c,) , curving the 2D graphene-based ribbons out of plane to form partially (Figure 2b.f,j,n)
and, with further self-assembly time, completely curved graphene-based nanocylinders (Figure
2¢,g,k,0). The Sn layer is selectively etched away in nitric acid (Figure 2d,h,1,p). A high yield
(~100%) of self-curving has been achieved for 30x100 arrays (Figure 2g) where the yield is not

affected by the number of arrays since the self-curving is a parallel process. Even after wet



etching of Sn, most of the samples maintain their original cylindrical shapes (Figure 2h,l,p). Only

the nanocylinders that fully released from the substrate during RIE are washed away (Figure 21).
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Figure 2. a-d) Conceptual schematics, e-p) SEM images, and g-u) Raman analysis of graphene-based
ribbon, partially curved nanocylinder, and 3D nanocylinder triggered by reactive ion etching. a) The 2D
graphene-based ribbon (Al,O;/ Graphene/ Al,Os/ Sn) is formed on a Si substrate. b, c) Reactive ion
etching is used to release the 2D ribbon while simultaneously generating a surface tension force to curve
the structure into b) partially and c) completely curved nanocylinders. d) After self-curving, the Sn layer
is removed by nitric acid. The sample is carefully dried out by critical point dryer. e-p), The high yield of
the self-curving process enables the assembly of an array (30 x 100) of nanocylinders, showing the ability
to achieve large scale fabrication. g-t) The property of graphene is characterized by Raman imaging based
on G band (1590 cm™) of q) the 2D graphene ribbon, r) partially curved cylinder, s) completely curved
cylinder, t) completely curved cylinder after etching showing the same shape as the SEM image (i-1). q)
Raman spectrum shows that the two dominant peaks of graphene, G band (~1590 cm™), and 2D band
(~2680 cm™), are preserved during self-curving, confirming the quality of the intrinsic graphene
properties. v) Analysis of uniformity in cylinder diameters between different cylindrical structures on the
same sample, the data is based on sampling the diameter for 70 nanocylinders.

A key metric here is preservation of graphene properties during self-assembly by the
sandwich layers as revealed by the Raman spectra with dominant G band (~1580 cm™) and 2D
band (~2690 cm™) [30] and corresponding geometrical transformations observed in mapped
Raman images (Figure 2q-u). The nanocylinder arrays possess a relatively high uniformity as
evident from the Gaussian curve, defining a full-width half-maximum (FWHM) deviation of
only 16.6% in the diameter (Figure 2v). The detailed fabrication process, full Raman details and
evaluation, and the measurement of cylinder diameters are described in the Methods section and

Supporting Information Figure S1.
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Figure 3. Self-assembly of graphene-based a-d) long and d) twisted nanocylinders. a) SEM
image of the overview of the 5 mm long graphene-based nanocylinders with a diameter of 500
nm. b, ¢c) SEM images showing the zoomed-in image of the middle and end of the long
nanocylinder, demonstrating uniform self-assembly throughout the structure. d) Analysis of the
uniformity of the 5 mm long nanocylinders showing a diameter (D) of 466 nm along the length
of cylinder and a FWHM of 6%. e) SEM image of the graphene-based twisted nanocylinder
before and after self-assembly. The narrow ends of the ribbon will be released prior to the release
of the rest of the structure, folding first. Upon further etching, the folding trend is preserved to
achieve the twisted structure.

The shape of the self-assembled graphene-based nanostructure is further controlled

via tuning the design of the 2D graphene structures before self-assembly. By patterning the 2D



graphene ribbon with dimensions of 1.5umx5 mm, graphene-based nanocylinders with a
diameter of 477 nm and a high aspect ratio (ratio of the length to the diameter) of around 10,000
are achieved (Figure 3a-c). Even though the length of the self-assembled nanocylinders is in
millimeter scale, the two edges closely touch each other throughout the entire length of the
structure (Figure 3b,c), forming a uniform nanocylinder. To quantify the uniformity of the 5 mm
long graphene nanocylinders, a single tube is divided into multiple sections of 1 um length. A
histogram of the diameter variation in the long nanocylinder (Figure 3d) has an extremely low
FWHM of 12%, which can be attributed to the well-defined width of the 2D ribbon and the self-

stopping mechanism induced by the touching of two edges. Moreover, this self-curving process

is feasible for fabricating 3D graphene nanocylinders with dimensions.
Excluding the limitations the size of graphene sheets and the of the
electron beam lithography (EBL) , there is no limit to the length of the 3D graphene

nanocylinders. By increasing the length of the 2D design, 3D graphene nanocylinders with
significantly higher aspect ratios can be further achieved. Furthermore, instead of

mismatch crystallographic directions [31], a new strategy
for fabricating twisted graphene-based nanocylinders is demonstrated for the reflow induced self-
curving process, which is designing 2D ribbons with beveled edges (Figure 3e inset). As the
etching rate is isotropic along the outline of the 2D ribbons, the sharp corner is released and
starts folding earlier. Thus, a diagonal folding trend from the sharp corner,
which determines the folding direction of the whole structure. With further etching, the
remainder of the graphene-based ribbon is released and folds up along the initial folding
direction, resulting in a twisted graphene-based nanocylinder (Figure 3e). The asymmetrical

twisted graphene cylinders are particularly attractive for chiral plasmonic optofluidic sensors that
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can provide more detailed information about chiral biological molecules such as proteins and
amino acids than conventional achiral spectroscopy-based sensing techniques using planar
graphene [32].

The addition of an extra spatial degree of freedom to the 2D plasmonic graphene
ribbons, drastically changes the localized surface plasmon resonances (LSPRs) in these
structures, and consequently affects the associated near-field enhancement.

Multiphysics was used to model the near-field enhancement of the 2D and 3D graphene
structures (see details of the simulations in the Methods section). The frequencies of the LSPRs
were determined from the transmission spectra of graphene structures (see Supporting
Information Figure S2a and Figure S3), and the resulting field enhancements at the resonant
frequency were analyzed (Figure 4 and S2). As already shown in Figure 1d-f, the strong field
enhancement at the edges of the 2D ribbon, is significantly modified in the case of curved 3D
structures due to the increased field coupling between the opposite edges of the structures. Based
on the polarization of incident E-field, the coupling in 2D ribbons exists only across the lateral
edges (width) of the nanoribbon as an in-plane mode (Figure 4a) due to the large distance
between the opposing corners of the ribbon, the field at the two corners cannot directly interact.
In contrast, curved 3D structures induce hybridized in-plane edge and out-of-plane radial
coupled 3D plasmon modes. As the curvature is increased to form partially curved cylinders, an
additional coupling exists between opposing surfaces from the bottom of the cylinder to the two
corners due to the decreased gap between them (Figure 4b,c). Finally, at maximum curvature,
two forms of field couplings are induced in 3D graphene cylinders (Figure 4d). Firstly, similar to
2D ribbons the plasmons along the entire circular edge (circumference) couple to neighboring

points along the edge, forming an in-plane edge mode.
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into cylinder geometry, the incident electric field couples more effectively into the azimuthally

symmetric cylindrical modes, with the plasmon field extending in the radial out-of-plane

direction.

—The simultaneous couplings into these edge

o

and cylindrical modes lead to strong volumetric plasmonic field within the curved graphene Fhe

D
O

evhinder(Figure 1f). The effect of plasmon hybridization in 3D graphene nanocylinders is further
accentuated when substrate effects are taken into account. Simulations were carried out for 2D
and 3D graphene structures in vacuum (refractive index = 1) and a silicon (Si)-like 1.5 pm thick
substrate (refractive index = 3.48). A strong degradation and localization of the plasmon near-

field enhancement occurs due to the presence of the substrate, limiting the enhanced field to the

eorners-ot-theribben-onlya smaller spatial area (Figure 4e,1), as opposed to 2D graphene in the

vacuum where a uniformly decaying field can be seen across the surface of the ribbon (Figure
S2b). When 2D ribbons are curved, the spatial overlap of graphene with the underlying
substrates decreases, leading to a corresponding decrease in the substrate influence on the field
enhancement. As a result, the partially (50% curved shown in Figure 4f,j and 99% curved shown
in Figure 4gk) and completely curved nanocylinder (Figure 4h,l) structures retain a stronger
near-field enhancement spreading over a larger area, similar to freestanding graphene structures
in vacuum (Supporting Information Figure S2c,d,e). For a 2D ribbon on a Si substrate, the field
enhancement at the edges (~3 x 10?) is two orders of magnitude lower than the enhancement for

a graphene ribbon in vacuum (Supporting Information Figure S2f,g), which further decays by an

10



order of magnitude when moving to the center of the ribbon (Figure 4m blue line, with
normalized position taken across the ribbon width as shown in Figure 4i). On the other hand, for
the halfway curved nanocylinder, a line-type substrate contact (Figure 4f,j) leads to minimal
spatial overlap, as opposed to 100% surface-area contact in 2D ribbons. The lower overlap with
the substrate, stronger field coupling between the points on the circumference of the cylinder as
well as radial field coupling across the nanoscale openings of the cylinder leads to an
enhancement (~5.5x10°) that is two orders of magnitude stronger than in the 2D ribbon and
remains constant across the width of the partially curved nanocylinder (Figure 4m green line,
with normalized position taken along the semi-circular circumference as shown in Figure 4j).
Similarly, the completely curved nanocylinder (Figure 4h) undergoes an even stronger
(~2.3x10%) enhancement, which is nearly two orders of magnitude stronger than for a
nanocylinder in vacuum (Figure S2f,g), through additional localized enhancement occurring
between the curved graphene and substrate alongside full radial coupling along the
circumference at the opening of the nanocylinder. The simultaneous localization and radial
couplings give rise to a virtual cross-sectional area of strong field enhancement at the opening of
the completely curved nanocylinder (Figure 41). The 3D plasmon couplings at the openings of
the completely curved nanocylinders induce a total integrated edge enhancement of 1149, which

is 13 times higher than the total field enhancement of 87 at the edge of the 2D ribbon.
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Figure 4. Schematics, and simulation results of the field enhancement in the graphene-based 2D ribbon,
half-way curved cylinder, 1% gap cylinder, and completely curved nanocylinder at the frequencies of their
geometric resonance as shown in Supporting Information Figure S3. (a-d) 3D and cross-sectional
schematics illustrating the coupling directions in 2D ribbons and 3D partially and completely curved
cylinders. (e-h) The near-field enhancement plotted on the surface of a a) 2D ribbon, b, c¢) partially curved
cylinders, and d) completely curved cylinders. i-1) The cross-section images show the field enhancement in
the ZX plane when an imaginary cut plane is placed at the edge of the structures at 6000 nm. m) The field
enhancement in ZX plane along the circumference at the ends of the structures (see the black arrow in i-1)).
n) The field enhancements at the center of the gap in the halfway and 1% gap curved cylinders, at the
surface of the completely curved cylinder along an imaginary edge, and on the surface of the ribbon. The
corresponding values of field enhancement are plotted for the entire length of the structure along structural
edges overlapping with cut plane as shown by the black arrow in Supporting Information Figure S5e-h. A
strong propagating mode is seen along the edge of the cylindrical structure with 1% gap. o) The volumetric
field enhancements along the length of the 3D structures are analyzed based on their ratio to the volumetric
field in a 2D graphene ribbon. Volumetric enhancement is calculated by volume integrals of the field
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inside the 3D structures and for an imaginary rectangular box of thickness 119 nm placed on the 2D ribbon
with lengths increasing from 100 nm to 6 pm. For all the cases m-o0), the 3D cylindrical structures show
stronger field enhancement compared to the 2D ribbon. The primary geometric resonant frequencies for
the ribbon, halfway, 1% gap, and completely curved nanocylinders in e-o were found to be 3.6, 7.7, 14.3,
and 12.6 THz, respectively.

Moreover, the field enhancement induced in the 3D nanocylinder can be further
boosted via controlling the gap in the nanocylinder. As shown in Figure 3b,c even for the
completely curved nanocylinder structures, a sub-10 nm gap exists between the two curved edges
joining together which introduces edge effects along the length of the structure. Simulations for
the 99% curved nanocylinders (Figure 4g.,k) reveal strong interactions between the two edges
separated by a distance of only 15 nm that further enhances the coupled field at the center of the
gap by an order of magnitude (Figure 4m, red line). It should be noted that inside the 15 nm gap
of the 99% curved nanocylinder, the field enhancement is 300 times stronger than the maximum
enhancement obtained even at the edge of the 2D ribbons (Figure 4m). The geometrically
confined field in the partially curved nanocylinders exists along the entire length of the
nanocylinders (Figure 4g, Figure S5c). This leads to a field enhancement 4 orders of magnitude
(Figure 4n, red line) stronger when compared to that at the center of the 2D ribbon (Figure 4n,
blue line). Oscillations in the field strength (Figure 4n, red line), indicate the highly confined
propagating mode within the plasmonic gap in a 99% curved nanocylinder with a 15 nm gap.
The strongly confined, high-enhancement, propagating edge modes are particularly attractive for
the development of graphene-based optoelectronic devices including plasmonic waveguides to
achieve exceptional propagation lengths and figure of merit [33-35]. The completely curved
nanocylinder does not show propagating edge modes along the length of the cylinder, thus,
supporting the conclusion that these modes in the nearly curved (1% gap) nanocylinders are

purely longitudinal edge modes. However, even in the absence of the longitudinal edge modes
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(at the center of the completely curved nanocylinders), the 3D radially curved coupling boosts
that field enhancement by an order of magnitude compared to the center of 2D ribbons (Figure
S4). The strong uniform field enhancement at the openings of the nanocylinders induced by
hybridized radial and edge couplings (Figure 4j-1) can also be termed as volumetric
enhancement, which is computed as an integral of the field enhancement at the cross-section of
the openings. The total volumetric enhancement for the uniform field in a halfway curved
nanocylinder is 20 times higher than the volumetric field in 2D ribbons over the full length (6
um) of the structures (Figure 40, green line and Figure S6). To theorize the plasmonic properties
in the fabricated low-defect regime nanocylinders (Figure 2), the impact of defect concentration
(computed as ratio of D-band to G-band intensities, Ip/Ig) on the relaxation time and near-field
enhancement was also obtained (details in Supporting Information). Even with a reduced
relaxation time that is an order of magnitude lower than that in 2D ribbons, the 3D cylinders
demonstrate a volumetric enhancement that is 4 times stronger than the volumetric enhancement
obtained for 2D ribbons.

The near-field enhancement as a result of edge-substrate interactions and radial coupling
stemming from the curvature (Figure 4) can be a key parameter in the development of higher
sensitivity biological sensors. The virtual cross-sectional area of strong uniform field at the
opening of the 3D nanocylinders (Figure 4h,i) can be leveraged for the fabrication of cylindrical
vein-like plasmonic optofluidic channels for analysis of molecules flowing within them. Since
every molecule traversing through the 3D channel must pass through the virtual cross-sectional
area at the opening of the nanocylinder, the strongly enhanced field interacts with each of the
molecules, thereby preventing limitations in sensitivity arising from the need for the molecules to

diffuse to the graphene ribbon surface as is the case in 2D graphene sensors. Simulations for the
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sensing-based advantages of the plasmon modes in cylinders reveal that any specimens that are
inside the cylinder even at the center (maximum distance from graphene surface) experience an
induced field that is almost 2 orders of magnitude stronger than in 2D ribbons. Moreover, a
resonant frequency shift that is 75 times stronger than 2D ribbon is induced by even a 2 nm layer
of the targeted analyte for the 3D cylinders. A detailed discussion of the sensing behavior of 3D
graphene structures tubes has been included elsewhere. (Agarwal, K.; Cho, J. H. Plasmonic

Optofluidic Sensing in Self-assembled 3D Graphene Geometries. Submitted for publication)
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Figure 5. a) Schematic illustration of the measurement setup for SINS analysis of 3D graphene where IR
radiation from a synchrotron beamline is used in an s-SNOM measurement. b) AFM topology images
plotted with color bar in micrometer scale, showing two distinct regions of 2D and 3D regions on the
substrate. ¢) SINS broadband IR image captured for the same topography area as shown in (b) obtained
through mapping of the second harmonic optical amplitude signal with distinct change between the 2D and
3D graphene regions. The scale bar shows the amplitude in volts. d) Scattering data extracted along the
longitudinal direction from the scattering images showing the low scattering in 2D regions and the strong
plasmon-driven resonant scattering in 3D cylinder regions (inset: a SEM image and a corresponding
scattering image of the sample, data were extracted along the green line). e) Graph showing the collected
scattering data across the width of the cylinders, 2D ribbons, and simulations with data for cylinders
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acquired from position as marker by white line in the inset, the dashed lines mark the plasmon wavelength.
The sinusoidal variation of the scattering corresponds to the plasmon interference fringes.

The SINS technique was used to measure and experimentally visualize the plasmon-
induced near-field enhancement in graphene nanocylinders (Figure S5a,) because of unique

advantages from the AFM-tip (atomic force microscopy) enhanced probing of the coupled edge

plasmons and the-nenReststrahlentmited-opties—with-spectral range, high spectral brightness,

and coherence_of the source [36-39]. The SINS data reveals an overlap between graphene
nanocylinder topography (Figure 5b) and IR scattering images (Figure 5c) to validate optical
properties of graphene. The scattering images reveal hybridized plasmons being launched along
the surface of the graphene cylinders and being reflected by the edge. Quantitative analysis of the
scattering data demonstrates a marked transition with increase from ~0.1V in 2D graphene to
~0.6V in the 3D cylindrical graphene domains (Figure 5d), thus, demonstrating the lower losses
in the graphene plasmons stemming from their curvature. The interaction of the small gap
longitudinal edges within the curved graphene cylinders gives rise to high-intensity hybridized
edge-based near-field enhancement mode revealed by the stronger scattering along the edges in
the scattering images (Figure 5¢5d) and in the data extracted from these images similar to
simulated near-field enhancement (Figure 5¢5¢). On the other hand, the losses and the lower
spatial coverage of the near-field in the 2D ribbons correspond to nearly no scattering signals
recorded over them (Figure Sd5¢, blue line). A detailed analysis of the line scan image profiles

(Figure Se5d,ée) reveals a plasmon wavelength of 126-240 nm_(twice the distance between

successive fringes).
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—The result can be directly
compared to the simulated data for the structures, which show a similar four order of magnitude
near-field increase on the graphene cylinder (Ficure—Se—sreen—tine)-for a resonant absorption
peak at 20 um (14.3 THz). It should be noted that the SINS measurement data frem—for the
nanocylinders provides the first evidence of hybridized plasmonics abserption-in well-defined 3D
graphene geometries on a Si substrate where the data shows i) superior abserption—plasmon
resonances in 3D graphene compared to 2D graphene, ii) a confinement of two-four orders of

magnitude, and iii)

shigher

compatibility of plasmon resonance graphene cylinders.-

Conclusion

In conclusion, this work introduces 3D plasmon modes, hybridized edge (in-plane)
and radial (out-of-plane) coupled plasmons, generated in self-assembled graphene-based
cylindrical nanostructures. The radial coupling of plasmons lead to a uniform circular cross-
sectional area of extreme near-field enhancement at the openings of the 3D nanocylinders. The
hybridized edge couplings in the curved graphene nanocylinders induce a propagating edge
mode throughout the length of the cylinders with an electric field that is 4 orders of magnitude
stronger than in the 2D ribbons. SINS-based scatteringabserption images visualized the
hybridized 3D plasmon modes and verified a confinement factor of eves24 orders magnitude in
the 3D graphene nanocylinders. The unique spatial coupling within 3D structures extends the

near-field enhancement into the bulk cross-sectional 3D space allowing the architecture to be
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utilized for the realization of cylindrical plasmonic channels.
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Methods

Fabrication of three-dimensional graphene nanocylinders:

3D graphene nanocylinders are realized via plasma triggered self-assembly of 2D graphene-
based ribbons [3 nm thick aluminum oxide (Al,Os)/single layer graphene/3 nm thick Al,Os/5nm
tin (Sn)] which is defined on high resistivity Si substrate by standard EBL and graphene wet
transfer process. After self-assembly, the Sn layer in 3D graphene nanocylinders is removed by
nitric acid. Then, the nanocylinder sample- is transferred into IPA (isopropyl alcohol) and is
gently dried out in a critical point dryer to minimize the effect of capillary force Raman
spectroscopy and imaging are carried out to investigate the changes of graphene properties. A

detailed description of these processes is given in the Supporting Information.

Analysis of nanocylinder uniformity:

The uniformity of different nanocylinders within the array (Figure 2h) is evaluated
based on a previously developed method [40]. The diameter of seventy nanocylinders is
measured and be plotted into a histogram (Figure. 2v). After applying Gaussian curve fitting, the
full-width at half-maximum (FWHM) is used as the data to evaluate uniformity. Based on the
measurement, FWHM is 16.6% for the array of the nanocylinders, which shows relative high
uniformity.  To quantify the uniformity of the 5 mm long graphene nanocylinders, a single
tube is divided into sixty sections of 1 um length, such that a histogram of their diameter (Figure
3d) has FWHM of this long nanocylinder is 12%, which is 6% lower than the previous work

[40].

Simulation setup for two- and three-dimensional graphene structures:
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2D and 3D Graphene structures were simulated using Comsol Multiphysics version
5.2a with the conductivity of graphene as given by the Kubo Formula for 0.4 eV Fermi level

[41]. Simulation setup and parameters are discussed in detail in the Supporting Information.

SINS Measurements:-setup-for-three-dimensional- sraphenestruetures:

To measure and experimentally visualize the plasmon-induced near-field enhancement in
graphene nanostructures, the samples were chemically doped with nitric acid vapor for 5 minutes
to induce p-type doping with increased hole concentration and open a bandgap in graphene.

SINS measurements were performed using synchrotron infrared radiation from Beamline 2.4 at

the Advanced Light Source in combination with a commercial s-SNOM instrument (neaSNOM,

neaspec GmbH) and a modified Ge:Cu detector (REF 39). The instrument consists of an

asymmetric Michelson interferometer, in which incident light is split by a beamsplitter (KRS-5)

and directed to either a flat, moving mirror or focused onto an AFM tip scanning in close

proximity to the sample. The backscattered light from the AFM tip is recombined on the

beamsplitter with light from flat mirror and focused onto the IR detector. The resulting

interference signal is demodulated at harmonics of the tip-tapping frequency and Fourier-

transformed to vield near-field infrared amplitude and phase spectra. “White-light” broadband IR

images are measured by holding the moving mirror fixed at the zero path difference (ZPD)

position and acquiring the demodulated amplitude signal while scanning the AFM. For these

measurements, the incident light is polarized primarily orthogonal to the sample surface, but

focus angle includes an in-plane component that was Fhe-3D-graphene-eylindersamples—were
tilted—at-an—angle-of 45-degree-to-thesurface-and-the-ineidentJight-polarized along the width of

the ribbon (See Supporting Information for more details). The-SINS—+technique-allowslineseans
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1. Fabrication Process

a) b)

Figure S1. Conceptual schematics of the fabrication process of graphene-based ribbon, half-way
folded nanocylinder, and 3D nanocylinder triggered by reactive ion etching. a-d) Schematics
showing the fabrication of 2D ribbon contains 3 nm Al,Os/monolayer graphene/3 nm Al,Os/5Snm
Sn. e), The undesired Graphene is removed by oxygen plasma etching. f-g) After being treated in
a reactive ion etching system, Sn film will melt and experience metal reflow due to the heat
generation in etching process, which induce surface tension force to fold the 2D ribbons out of
plane to be 3D half-way and completely curved nanocylinder. h) The Sn layer is removed by
nitric acid and the nanocylinder is dried out by critical point dryer. The diameter of the

nanocylinder is around 500 nm after self-assembly
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To fabricate the 3D graphene-based nanocylinders, 2D sandwiched graphene ribbon
(3 nm thick Al,Os/single layer graphene/3 nm thick Al,O/5 nm thick Sn) was first fabricated
(Supporting Information Figure Sla-e). Polymethyl Methacrylate (PMMA) A3 was spun at 3000
RPM on top of the high resistivity Si substrate (560 — 840 Q-cm) as the electron beam (E-beam)
resist. An array of 2D ribbons, with ribbon dimensions of 1.5 ym x 15 um, was then defined on
the PMMA by an EBL system (Vistec EBPG5000+). After developing in MIBK (methyl
isobutyl ketone): IPA (isopropyl alcohol) with the ratio of 1:3 for 1 minute, 3 nm thick Al,O;
was deposited by an electron beam evaporator (RME-E2000) to form the bottom protection layer
(Supporting Information Figure S1b). A lift-off process was carried out in acetone to remove the
undesired material. Next, a single layer of chemical vapor deposited (CVD) graphene was
transferred on top of the patterned Al,O; ribbon through a wet transfer process (Supporting
Information Figure Slc). The mobility of the CVD graphene grown on the copper (Cu) foil is
around 2700 cm?/V-s. After graphene transfer, N2403 was spun on top of the structure at 5000
RPM as the negative E-beam resist, which can protect graphene from electron irradiation for the
rest of the EBL process. Then, a secondary array of 2D ribbons with the same ribbon dimensions
(1.5 ym x 15 pm) was defined on the N2403 resist, which was aligned precisely to the bottom
protection layer. MF-319 was used as the developer, which dissolved the unexposed resist in 1
minute. Then, 3 nm Al,O; and 5 nm Sn layers were deposited by an electron beam evaporator to
form the top protection layer and the sacrificial layer for inducing surface tension force,
respectively (Supporting Information Figure S1d). Subsequently, the unwanted graphene areas,
which were not protected by Sn and Al,O;, were removed by an oxygen plasma treatment in a
reactive ion etching (RIE) system (STS 320) (Supporting Information Figure Sle). After

fabrication of 2D sandwiched graphene ribbons, RIE with CF,/O, was used to achieve self-
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assembly of 3D nanocylinders (Supporting Information Figure S1f,g). During this process, both
the chemical reaction between the fluorine atoms and the Si substrate and the physical ion
bombardment on the Si substrate can contribute to etching the Si underneath the graphene
sandwiched structures (Supporting Information Figure S1f,g). Finally, the graphene sandwiched
structures were released from the substrate. Simultaneously, both the physical and chemical
reactions generate thermal energy, which melts the Sn, triggering grain coalescence. As a result
of grain coalescence, surface tension force was induced in the film, curving the 2D structure out-
of-plane to form the 3D nanocylinders (Supporting Information Figure Slg). After self-
assembly, the Sn layer could be etched way by immersing into a nitric acid for 30 minutes. To
minimize the effect of the capillary force, the sample is transferred into IPA bath and gently

dried out in a critical point dryer (CPdryer 915B) (Figure S1h).
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2. Raman spectroscopy:

A Witec Alpha300R Confocal Raman Microscope was used for Raman measurement
to characterize the graphene quality before and after self-assembly. The system was equipped
with a Nikon 100x oil immersion objective for focusing. The laser used in the measurement was
a 514.5 nm monochrome argon ion laser with a maximum power of 50 mW. For the detection of
the signal, a UHTS300 spectrometer and DV401 CCD detector was used. During the
measurement, the samples were mounted on a highly linear, piezo-driven, feedback-controlled
scan stage, which can move in x and y directions with a positional accuracy of 5 nm. For the
spectral measurement, the laser was carefully focused on the sample (graphene ribbon, partially
curved nanocylinder, and completely curved nanocylinder). For the Raman Mapping
measurement, the mapping area was setup to be 20 x 20 um? with a resolution of 250 nm, which
is the optical resolution of the system. The Raman image was generated based on the G band
intensity between 1560 cm™ and 1600 cm™. After measurement, the software, Project FOUR, was
used for analyzing data and plotting the spectrum.

In the Raman spectra collected from the 2D graphene ribbons and the partially and
completely curved graphene nanocylinders, both dominant peaks of graphene, G and 2D bands,
are observed, proving that no critical damage is induced in the graphene (Figure 2u). After self-
assembly, the D band (~1350 cm™) peak, representing defect and lattice disorder, appears and it
is stronger for samples with longer self-assembly times (Figure 2u). The higher defect level
could be attributed to the increased density of edge defects and lattice disorder caused by stress
or wrinkles induced during self-assembly. After self-curving, the edges of the ribbons curve
towards the middle of the cylinder and cause a higher density of edge defects and lattice

structural stress, leading to higher D band. To further quantify the defect level, the ratio of the D
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band intensity (Ip) and G band intensity (Ig), Ip/Ig, is calculated, which is around 1 (representing
low defect regime [30]) for completely curved graphene nanocylinders. In addition, the Ip/Ig
ratio of about 1 is comparable with a lithographically prepared graphene ribbon [42], which
means the properties of graphene are not severely affected by the self-assembly process. Raman
images plotted based on G band are collected from samples consisting of entirely 2D graphene
ribbons (Figure 2i), partially curved graphene nanocylinders (Figure 2j), and completed curved
graphene nanocylinders (Figure 2k) to evaluate the overall graphene status throughout the
structures (Figure 2m-o0). For the 2D graphene ribbons (Figure 2i), the Raman mapping image
shows ribbon structures with the same dimensions of 1.5 um x 15 pm (Figure 2q), indicating the
high quality of the fabricated 2D graphene ribbons. After partially curved, the structures in the
Raman image (Figure 2r) have the same reduced width as the curved nanocylinders shown in the
corresponding scanning electron microscopy (SEM) image (Figure 2j). When the graphene
nanoribbons are completely curved (Figure 2k), a continuous clear Raman image with
dimensions of around 477 nm x 15 pm is still observed (Figure 2s), demonstrating the physical
properties of graphene are preserved during the self-assembly because of the graphene being
sandwiched between two different 3 nm thick layers of Al,Os. The ratio of the D-band to G-band
intensities in the 3D halfway (0.357) and completely (1.063) curved nanocylinder is in the low-
defect regime compared to pristine graphene (0.058). In addition, the effect of Sn etching on the
graphene property is characterized by Raman image (Figure 2t) and Raman Spectrum (Figure
2u). The Raman image shows continuous shape that is similar to the nanocylinders after Sn
etching (Figure 21). Though the Ip/I; ratio is slightly increased to 1.2, it still remains in the low
defect regime. Both these two characterization results confirm the high quality of graphene after

Sn removal process.
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3. Simulation setup for 2D and 3D graphene structures

Graphene was modeled as a two-dimensional layer with surface conductivity as given by the
Kubo formula. The fermi level of graphene was selected as 0.4 eV and the relaxation time was
selected as 0.35 ps, these values were selected as reasonable approximation based on previous
works with CVD graphene with 1000 cm?/V-s mobility, 0.25-0.50 ps relaxation time and fermi
levels of 0.3-0.5 eV [43, 44]. The graphene ribbon of width 1.5 pym and length 6.0 um was
simulated and the same ribbon dimensions were transformed into 3D halfway and completely
curved nanocylinder geometries. The LSPR frequency was simulated and the corresponding
electric field enhancement was plotted. When the 2D graphene ribbon (Supporting Information
Figure S2b) is self-curved (Supporting Information Figure S2c, d, e), the plasmon resonant
frequency shifts to a higher frequency proportional to the change in length in the direction of
polarization of the incident electric (E) field (Supporting Information Figure S2a). The
simulations with a silicon substrate were carried out for a substrate of width 3um, thickness 1.5
um, and length 4.5 um. The refractive index for silicon was set to 3.48. The color maps showing
near-field enhancement (Figure 4) were plotted along imaginary cut planes at different positions
in the 2D and 3D graphene nanostructures, captured with a 45° tilted angle (Figure 4e-h) and at
two different perpendicular side views (Figure 4i-1, Supporting Information Figure S5a-d). In
order to confirm that the two orders of magnitude change in the field enhancement of the 2D
ribbon was caused by substrate-induced losses, simulations were carried out with substrate
refractive index set to 1 for vacuum and 3.48 for silicon. The electric field enhancement
(Supporting Information Figure S7b) plotted at the resulting geometrical resonant frequency

(Supporting Information Figure S7a) clearly shows that the two order of magnitude change is
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solely caused by the interfacial dielectric properties (refractive index) as all the other parameters
were maintained to be a constant. The volumetric field (Vm?) was computed by taking the
volume integral of the near-field enhancement inside the partially and fully curved cylinders. In
the case of 2D ribbons, volumetric enhancement was computed taking the thickness of an
imaginary air box of the same volume as that of the completely curved nanocylinder. The
volumetric enhancement was computed as the square of the ratio of the volumetric field in the
presence of graphene to the incident volumetric field for the same volume. The fluctuations in
the Figure 4m-o0 are caused by two reasons, firstly, due to the weaker mesh which fails at the
free-standing graphene edges in 3D simulations. Most simulations for graphene are performed
using 2D mode in comsol so do not have a non-meshed volume. Secondly, the data is extracted
at every 5 nm along the perimeter of graphene but the equation of the circle coordinates and the
radius of the cylinders is a non-terminating decimal (1500/27m) causing comsol to round off the
circular coordinates to nearest whole number; thus, introducing further noise in the extracted
results. In an attempt to provide a lower fluctuation data, simulations were carried out with a
denser mesh. The finer mesh simulations were carried out in 2D mode due to limits of even
supercomputing resources (Figure S8a). It is easy to see from the figure that there are
significantly lesser fluctuations along the perimeter of the structures, although there is a change

in the values of the near-field enhancement due to lack of longitudinal modes.
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4. Simulation setup for 2D and 3D graphene structures
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5. Simulation results for the 2D and 3D graphene structures on a silicon substrate
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Figure S3. Transmission response for the 2D ribbon and 3D curved graphene cylinder on silicon

substrate showing the geometric resonant frequency for each of the structures.

Figure S4. a-d) Near-field enhancement plotted on the surface of the 2D ribbon and on an
imaginary plane placed at the center of the cross-section of the cylindrical 3D structures. e) Plot
showing the actual field enhancement throughout the length of graphene plotted at the

geometrical center of each of the structures along the direction denoted by the black arrow.

Figure SS. a-d) The cross-sectional images show the field enhancement in the YZ plane when
the imaginary cut plane is placed at the center of the 2D and 3D structures. The field
enhancement is plotted along an imaginary cut plane e) on the surface of the ribbon, f, g) at the
surface of the gap created within the halfway folded and 1% gap cylinder, and h) at the surface

of the completely curved cylinder along an imaginary edge.
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Figure S6. a-d) The field enhancement at the center of the ribbon and cylinder through the entire
length of the structures are simulated and plotted. e) The corresponding values of the volumetric
field enhancement are plotted for the entire length of the structure where the volumetric field is
calculated by volume integrals of the field inside the 3D structures and for an imaginary
rectangular box of thickness 120nm placed on the 2D ribbon. The length for volumetric

calculation is increased in intervals from 100 nm to 6 um.
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6. Comparison of the 2D ribbon on a vacuum v/s silicon substrate

Figure S7. a) Transmission response for the 2D graphene ribbon with substrate set as vacuum
(black line) and silicon (red line). b) Graph showing the change in electric field enhancement
across the width of the 2D ribbon with normalized position taken same as Figure 4m showing the

two order of magnitude reduction on silicon (red line) compared to the enhancement in vacuum

(black line).
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7. Impact of self-curving on the relaxation time

The change or any deterioration in graphene properties as a result of self-curving was also
simulated to find the change in the resulting near-field enhancement. The higher I/I; ratio in
halfway (0.357) and completely (1.063) curved nanocylinder as compared to pristine graphene
(0.058) can be attributed to two factors, firstly, the strain induced in graphene as a result of the
curvature, and secondly, due to edge defects induced after self-curving [2]. However, it is
difficult to estimate the percentage contribution of both these factors, nevertheless it is important
to note that this level of defect ratio is still considered to the in the low defect regime that
extends to all Raman peak ratios below 3.0 [2]. Here, we account for the worst-case scenarios for
the high Ip/Ig ratio in the 3D curved nanocylinders. The defect concentration (np) in graphene
can be related to the Raman peak ratios using the relation below [3].
7
I

where, A, is the wavelength of Raman light source and I, and I are the intensities of the D and

_[1.8+0.5]x10%
A

nD(cmfz)

G band peaks, respectively. The defect concentration is inversely proportional to the relaxation
time; thus, all other factors remaining constant (including fermi-Fermi velocity and fermi-Fermi
energy), this gives a 5.45% decrease in the relaxation time for the curved cylinders. However, the
relaxation time and fermi—Fermi energy do not remain constant in strained graphene. For a
graphene with 10% strain, the fermi-Fermi velocity decreases by 15% [4]. The strain in graphene
can open a bandgap and also increase the bandgap in doped samples with some works even
reporting an increase in work function of 0.6 eV, however, there isn’t a consensus on the
percentage increase in the band gap with strain [5]. It is well-known that the relaxation time (t) in

graphene can be calculated by the equation given below [45, 46].
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where, p is the electron mobility (2700 cm?*V-s), i is the Planck’s constant n is the electron
density (required for a band gap of 0.4 eV chosen in our simulations), e is the charge on an
electron, and vg is the Fermi velocity (typically 1x10° m/s). Using these values, we obtain the
relaxation time for our 2D graphene ribbons to be equal to 0.101 ps (as opposed to 0.35 ps
chosen previously). With the 15% increase in fermi velocity for strained graphene the relaxation
time increases to 0.118 ps. Now, if we attribute majority of the D band to defects introduced in
graphene and not lattice stress, then the relaxation time for the curved nanocylinders turns out to
be 0.015 ps. Simulations with a highly dense mesh compare the effect of relaxation time on the
near-field enhancement in the 2D ribbon and 3D cylinders (Figure S8b). The results show that
the spectral width for the plasmon peaks in ribbon and cylinder is nearly 11.71 and 10.69 THz,
respectively. Moreover, even with the reduced relaxation time and in the absence of a conducting
silicon substrate, the 3D cylinders demonstrate a volumetric enhancement that is 4 times stronger
than the volumetric enhancement obtained for ribbons (assuming a thickness over the ribbon to
make the volume equal to the volume within cylinders). Furthermore, high surface quality of the
AL O; layers is critical to the plasmons induced in graphene. Previous results show that when a
dielectric material such as some spin-coated polymers or e-beam evaporated aluminum oxide are
in contact with 2D and 3D graphene they seek to shift the resonant frequency proportional to the
refractive index but do not significantly alter the near-field enhancement [47]. It is important to
note that the folding mechanism introduced here is not limited to CVD graphene or Al,O;
protection layers. Graphene cylinders can also be fabricated using mechanically exfoliated

graphene with hBN layers added between the current Al,O;-Graphene interfaces that have shown
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to also increase the relaxation to 3 ps [48]. The aluminum oxide can also be replaced with other

suitable materials such as SiO,, or CaF,.

“ ) — : oo

0.96 -
0.94 |
0.92 4 —— 2D Ribbon: EF=0.4eV, t=0.101ps
—— 3D Cylinder: EF=0.4eV, t=0.015ps
0.90 1 — 3D Cylinder: EF=0.94eV, t=0.015ps
S— — 5 10 15 20 25 30 35
Frequency (THz)

Figure S8. a) Near-field enhancement plotted along the width of the ribbon and the

circumference of the 3D cylinders with 1% gap under 2D simulations with a dense mesh to
reduce any noise and fluctuations. b) Transmission response showing the effect of change in
relaxation time and fermi level on the plasmon resonance caused due to curving of the 2D
graphene into 3D completely curved cylinders. The insets show the corresponding near-field

enhancements.
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8. SINS-based characterization of the plasmon resonance in 3D nanocylinders

The AFM height data shows the morphology (thickness) of the self-assembled graphene
cylinders (Figure 5a, Supporting Information Figure S9a). The gap within the cylinder structures
is below 15 nm as evident from the SEM images in Figure 2, however, due to the convolution of
the tip radius (~25 nm), a larger gap of nearly 60-100 nm is perceived from the AFM data. The
3nm alumina layer used to support and protect the graphene is thin enough for the AFM tip to
measure optical properties of the underlying graphene. The broadband infrared white light
images are integrated across the detector bandwidth, approximately 330-1400 cm™. The images
collected for different areas of the same sample show the strong edge-scattering in the 3D
graphene cylinders (Supporting Information Figure S9b). The rough surface of the silicon
substrate adds to the noise level but the on the 3D graphene remains clearly
visible. The non-uniformity in the mapped images on the graphene cylinders is primarily caused
by the cracks and voids in the pristine graphene grown on the copper foil and non-uniformity of
the chemical doping process. The white-light amplitude along 4 different positions as shown in
(Supporting Information Figure S9c) was extracted using Gwyddion. The line profiles clearly
demonstrate higher signal on the graphene surface, which extends from about 0.1uym to 1.1um in
the graphed line profiles (Supporting Information Figure S9c). It should be noted here that the

actual diameter of the graphene cylinders is much smaller than the perceived diameter, which is a

convolution of the tip radius and the sample size;-but—the—tit—ofthe—sample—gives—ahisher

pereetved—diameter. The perfect overlap of the actual AFM topography with the near-field

images prove that the graphene-based enhanced

that is observed is not an artifact or due to the underlying substrate (which is several

46



100nm away much farther than SINS vertical resolution). The plasmon wavelength is measured

as twice the spectral distance between successive fringes in the abserption-scattering data profile.

while—maintaining—a-higheood sienal tonoiserattos(SNR)—The eaptured-acquired speetrum

spectra_at the second and third harmonic tapping frequency of the AFM tip (Supporting

Information Figure S9d) shows a clear increase in amplitude for the range ef660-706-¢m"-when
measured on the cylinder surface. The spectrum also demonstrates the nearly flat and low

abserptien-scatiering signal in this frequency regime when measured on the silicon surface that

exists between the graphene cylinders. Thus, the spectrum proves that the measured increased

abserbanee-scattering is due to the graphene 3D structure and not an artifact. Confinement-factor
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Figure S9. SINS data measured for the 3D graphene cylinders. a) AFM topography images
showing the thickness and curvature of the cylindrical graphene samples. b) AFM amplitude data
corresponding to the near-field on the graphene and silicon surfaces. c) Actual AFM amplitude
data corresponding to the graphene acquired for various positions as shown
in b. d) Second and third harmonic line scan spectra for the graphene cylinders captured for

various positions on the sample.
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