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ABSTRACT

Optical tweezers based on metallic plasmonic structures can achieve stable trapping of objects with deep
subwavelength dimensions. However, due to the lack of real-time tunability of metallic plasmonic
structures, manipulating trapped objects is challenging and usually requires sophisticated tuning of the
excitation light source, which limits the application scope of such plasmonic tweezers. Here, we propose
the operation principle and analyze the performance of a two-dimensional (2D) network of plasmonic
conveyor belts employing electrically tunable graphene plasmonic structures, which can simultaneously
and independently trap and transport multiple nanoparticles to arbitrary target locations within the network.
Transportation of nanoparticles is achieved by dynamically reconfiguring the carrier density distribution in
a graphene nano-ribbon based netw ork structure using an array of back-gates, without aneed for any change
to the excitation light source. Our numerical analyses show that relatively large optical forces can be
induced on nanoparticles with tens of nm characteristic dimensions ata moderate excitation source intensity
(e.g. 1| mW/um?), and the corresponding trapping potential energy exceeds 10 kgT at room temperature
which guarantees stable trapping during nanoparticle manipulation. Suitable designs of the junction
structures in the network are developed, and effective schemes for all-directional routing of nanoparticles
at these junctions are proposed and quantitatively analyzed. Such graphene-based plasmonic conveyor bek
networks have high design flexibility and system scalability, and therefore may find a wide range of
applications in different areas such as lab-on-a-chip, assembling complex nano structures and devices,
studying many-body physics and advancing quantum information technologies.
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INTRODUCTION

Optical tweezers based on tightly focused laser beams are powerful tools for manipulating mesoscopic
objects, including dielectric and metallic particles, cells, bacteria and viruses, and have found a wide range
of applications in different areas, particularly in biological and nano science and technologies.!® As the
trapping forces of conventional optical tweezers are mainly a result of the optical field gradient near a laser
focus, the size of which cannot be arbitrarily small due to the diffraction limit, such optical trapping and
manipulation become more challenging for objects with sizes much smaller than the laser wavelength.
Nevertheless, conventional optical tweezers can be used to trap deep subwavelength scale objects with
resonant optical responses (e.g. plasmonic resonance) or shapes of large aspect ratios (e.g. nanowires, thin
flakes).”# Another powerful tool for trapping and manipulating microscopic objects is optoelectronic
tweezers,”!? which make use of patterned electrodes formed by structured optical illumination on
photoconductive materials to induce dielectrophoresis force on target objects. Massive arrays of such
optically defined dielectrophoresis traps can be realized and reconfigured in real time. However, as this
technique is based on far-field optical image formation, it is also constrained by the diffraction limit and
therefore the trap size and density cannot be significantly smaller than the wavelength of light. On the other
hand, optically trapping and manipulating nanoscale objects (e.g. dimensions below 100 nm) can be
significantly facilitated by confining light beyond the diffraction limit to deep subwavelength scale, which
can be achieved using nanophotonic structures such as plasmonic antennas and photonic crystals.!!-3
Optical tweezers based on various plasmonic structures have been theoretically investigated!4 !¢ and
experimentally demonstrated'”-># in recent years. Stable trapping of nanoparticles with dimensions down to
10 nm and below has been achieved.?!->4

In addition to stably trapping an object, an ideal optical tweezer should be able to move the trapped object
to desired locations. Such a functionality is straightforward to realize for conventional optical tweezers (e.g.

by translating the laser beam focus). However, it is significantly more challenging to achieve arbitrary
translation of a trapped object using plasmonic tweezers, because the large field gradients are located in the
vicinity of the plasmonic structures whichhave fixed positions, and therefore the objects are usually trapped
at these discrete locations. More recently, a “nano-optical conveyor belt” type functionality for transporting
nanoparticles along specific directions has been proposed and demonstrated using various designs of
plasmonic structures and driving mechanisms.?>-?’ This is achieved by employing relatively dense arrays of
plasmonic traps in combination with sophisticated tuning of certain properties of the excitation laser beam
(e.g. polarization, intensity, frequency), which can cause hopping of a nanoparticle from one plasmonic

trap to the next. However, the transported nanoparticle still can only occupy discrete regions centered at the
plasmonic traps. Furthermore, the necessity for highly coordinated and precise tuning of the excitation laser
beam makes it difficult to manipulate multiple objects simultaneously and independently. This latter
limitation is fundamentally due to the lack of real-time tunability of the optical properties of metallic

plasmonic structures, and therefore the excitation light source needs to be tuned in order to vary the induced
optical forces. On the other hand, tunable plasmonic structures based on various materials with tunable
optical properties (e.g. graphene, doped semiconductors and metal oxides) have been demonstrated to

operate in various spectralregions.>8-3! Therefore, employing tunable plasmonic materials, such as graphene,
is a promising path toward achieving trapping and manipulation of nanoparticles without the need for tuning
the excitation light source.

Graphene can be patterned into various types of plasmonic structures such as ribbons,?-3> disks3*3#and anti-
dots,3>3¢whichsupportwidely tunable plasmonic resonances in the mid-infrared to terahertz spectral region,
and can facilitate strong light-matter interactions due to the associated large field confinement and
enhancement.?” Optical trapping using different graphene plasmonic structures has been theoretically
investigated in several recent work.38-4 Taking advantage of the exceedingly high field confinement of
graphene plasmonic resonances, stable trapping of sub-10 nm nanoparticles can be achieved at moderate
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excitation light intensities. As the plasmonic resonance frequency f, of a graphene structure depend on the

graphene carrier density n (and henceits Fermienergy Eg, ie. f, nt/* « E;/ 2), the optical forces exerted
on a nanoparticle can be conveniently tuned by changing the graphene carrier density via electrostatic gating,
which in turn can achieve relocation of the trapped nanoparticles.*%#! In this work, we propose the operation
principle and analyze the performance of a graphene-based 2D network of plasmonic conveyor belts which
can simultaneously and independently trap and transport multiple nanoparticles to arbitrary target locations
within this network. Manipulation of nanoparticles are achieved solely by tuning the carrier density (Fermi
energy) distribution in the graphene structures using an array of back-gates, without the need for any change
to the excitation light source. The presented network system is designed to operate with mid-infrared
excitation sources, which can also be rescaled to work with terahertz excitation sources. Therefore, such
low photon-energy excitation of the proposed graphene plasmonic conveyor belt networks is also

complementary to the visible or near-infrared light sources employed by optical tweezers and metal-based
plasmonic tweezers.

RESULTS
(@ sunm (b) ) {d) ’ I
encapsulation ranopagicle GNR 12
. 2 )
x back-gate '1°§

z(nm)

Force (pN)

(c) 100 -150 -100 -50 0 50 100 150
60 ( x (nm)
e)
50 50 ok
140 © -1k 4
(1)
| 5
30 21 9
50 20 3F 1
10 a4l S
-100 L d
50 0 50 100

-100 ‘ . ‘ . .
X x(nm) 0 10 20 30 40 50 60
d (nm)

Figure 1. Optical trapping with a uniform GNR structure. (a) Schematic of a GNR with 80 nm
ribbon width and the Fermi energy Er setto 0.4 eV. The GNR is in the x-y plane, and oriented along
the y-axis. The GNR is sandwiched between a dielectric substrate and an encapsulation layer as
illustrated in (b). (b) Schematic of the cross section of a GNR-based structure for optical trapping
of nanoparticles. The GNR is located on a dielectric substrate as well as encapsulated by another 5
nm thick dielectric layer. The graphene carrier density (Fermi energy) can be controlled by a back-
gate. (c¢) Simulated electric near field enhancement profile of the GNR plasmonic resonance, plotted
in the x-z plane. The black dashed line represents the GNR along its width direction. (d) Calculated
optical forces on adielectric nanosphere (diameter 50 nm, refractive index 2.5) induced by the GNR
plasmonic resonance. The nanosphere is placed at a constant height above the surface of the
dielectric encapsulation layer (corresponding to =10 nm), whereas its x-coordinate is varied from
-150 nm to 150 nm. The x-component (Fx) and the z-component (F,) of optical forces as functions
of the nanosphere x-coordinate are plotted in solid lines. The blue dashed line is the corresponding
potential energy profile calculated by integrating Fy along the x-axis. () Calculated GNR plasmonic
resonance-induced optical forces on the same nanosphere as functions of the separation distance d.
The x-coordinate of the nanosphere is 40 nm.




As aproof-of-concept demonstration of the unique capability of tunable graphene plasmonics for trapping
and manipulating nanoparticles, we focus on graphene nano-ribbon (GNR) structures in this work. GNRs
support strong mid-infrared plasmonic resonances and can straightforwardly form networks. The GNR
plasmonic resonance can be excited by incident light polarized perpendicular to the GNRs.?832 The electro-
magnetic field associated with this plasmonic resonance is highly confined and enhanced in the vicinity of
the GNR and decays exponentially away from the GNR. Therefore, the corresponding large gradient of the
near field can exert a significant optical force on nanoparticles located in close proximity to the GNR. Such
an optical force is enhanced by several orders of magnitude compared to what can be achieved with a
diffraction limited light beam used in conventional optical tweezers.

Optical force induced by a uniform GNR. We first quantitatively discuss the case of a GNR with a
uniform Fermi energy distribution. As illustrated in the example in Figure la, a uniform GNR with 80 nm
width and a Fermi energy Er=0.4 eV (corresponding to a carrier density of ~10'3 cm) is aligned along the
y-axis. We assume that such a GNR is sandwiched between a dielectric substrate and a 5 nm thick
encapsulation layer for protecting the GNR from the environment (such as a liquid medium), and the
refractive indices of the dielectric substrate and the encapsulation layer are both 1.45, which is similar to
those of mid-infrared transparent materials such as CaF, and BaF,. A back-gate below the dielectric
substrate is used to control the graphene Fermi energy (see the cross-sectional schematic in Figure 1b). For
this system configuration, the GNR plasmonic resonance is at ~9.3 um with a quality factor of ~10 (see
Supporting Information Figure S1), and the corresponding near-field enhancement profile is shown in Fig
lc. The carrier mobility is assumed to be ~16000 cm?/Vs, which can be readily achieved in high-quality
graphene grown by chemical vapor deposition.*>#3 Without loss of generality, in this work we investigate
optical forces exerted on spherical dielectric nanoparticles, which are typically more difficult to trap than
particles of other shapes,?? and the refractive index of the environment medium is assumed to be 1. When
such a uniform GNR is optically excited at its plasmonic resonance, the optical force on a spherical
nanoparticle placed in the vicinity of the GNR (see Figure 1b) can have significant components in both the
x-direction and the z-direction, but should be zero in the y-direction as required by symmetry. We simulated
the electromagnetic field distributions of the entire system as the dielectric nanosphere was placed at various
locations in the vicinity of the GNR, from which we further calculated the GNR induced optical forces on
the nanosphere using the Lorentz force density approach (see Methods). In all our simulations, we assumed
a normal-incident plane wave excitation source with a moderate intensity of 1 mW/um?2. Figure 1d shows
the calculated components of the optical force on a nanosphere (diameter 50 nm, refractive index 2.5)
positioned at d=10 nm above the encapsulation layer (i.e. 15 nm above the GNR) and at various x-
coordinates (the middle line of the GNR corresponds to x=0 nm). Indeed, the optical force has position-
dependent components in both the x-direction and the z-direction, but is essentially zero in the y-direction
with a numerical noise several orders of magnitude smaller (not plotted). The x-component of the optical
force (Fx) tends to localize the nanoparticle to the middle line of the GNR, whereas the z-component (F)
tends to pull the nanoparticle toward the GNR. Remarkably, the optical force on such a small nanoparticke
reaches pN level under the moderate excitation intensity of 1 mW/um?. The corresponding trapping
potential energy profile can be calculated by integrating F along the x-direction, which is plotted in Figure
1d in the unit of kg T at room temperature (i.e. temperature T=295 K, kg is the Boltzmann constant). Clearly,
the depth of the potential well exceeds the 10 kgT requirement for maintaining stable trapping, and the
width of the potential well at its half maximum is similar to the width of the GNR (~80 nm). Therefore, the
nanoparticle can be stably trapped near the middle line of this uniform GNR, but are free to move along the
GNR (i.e. in the y-direction). The optical trapping can be conveniently turned on and off by varying the
carrier density of the GNR via changing the back-gate voltage, without making any change to the excitation
light source. Since the near-field intensity of the GNR plasmonic resonance decays exponentially as a



function of the distance to the GNR, the optical force on the nanoparticle also decreases rapidly as the

nanoparticle is positioned away from the GNR. This can be clearly seen in Figure le, which shows the

calculated Fx and F, components of the optical force as a function of the vertical position (d) of the same

nanosphere, with its x-coordinate kept at 40 nm (i.e. above the edge of the GNR where Fx approaches its

maximum). We also calculated the optical force as a function of the nanosphere diameter, which is plotted

in Supporting Information Figure S2. As expected, the optical force (and the trapping potential energy

profile) has a strong dependence on the size of the nanoparticle. The trapping force scales slower than the

particle volume in the simulated size range, which is mainly due to the fact that the particle diameter in a
large portion of this size range is comparable to the evanescent field decay length of the GNR plasmonic

resonance, and hence the dipole approximation’-# (which leads to the volume scaling law of the optical force)
is not accurate for the entire size range. Under the current GNR configuration and material quality

assumption, a nanosphere with a diameter of 50 nm and above experience a potential well deeper than 10

ksT (see Figure 1d). In order to stably trap even smaller objects, we can increase the excitation intensity

accordingly and/or improve the graphene carrier mobility.
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Figure 2. Optical trapping with a non-uniform GNR structure. (a) Schematic of a GNR with a non-
uniform Fermi energy (carrier density) distribution along the ribbon length, which can be configured
dynamically using a back-gate array as depicted. (b) Simulated electric near field enhancement profik
in the x-y plane whichis 5 nm above the non-uniform GNR in (a). (c)-(e) Calculated optical force
components Fy, Fy and F,, respectively, induced on the same dielectric nanosphere (diameter 50 nm,
refractive index 2.5) placed in the x-y plane corresponding to d=10nm (i.e. the center of the nanosphere
is 40 nm above the non-uniform GNR). (f) Potential energy profile (unitis ksT) corresponding to the
calculated optical force. The white dashed lines in (b)-(f) mark the borders of different GNR sections.

Optical force induced by a non-uniform GNR. The nanoparticle does not experience an optical force in
the y-direction due to the translation invariance of the uniform GNR along the y-direction. If this translation
invariance is broken, e.g. by varying the graphene carrier density along the GNR, then the plasmonic
resonance mode can exhibit localization along the y-direction, and hence the induced optical force can have
a significant y-component as well. An example is illustrated in Figure 2a, in which the middle section of
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the GNR has Ex = 0.4 eV, and the two side sections have a different Ex which can be either lower or higher
than that of the middle section. Such a non-uniform Fermi energy distribution can be configured using an
array of back-gates as shown in the schematic. As long as the middle section has a length a few times larger
than the GNR width, it supports a plasmonic resonance mode at about the same wavelength (~9.3 pm in
this case) as that of a uniform GNR with the same Fermi energy (see Supporting Information Figure S1),
whereas the two side sections support a plasmonic resonance at a different wavelength. Figure 2b shows
the near-field profile of the non-uniform GNR in Figure 2a (the length of the middle sectionis 500 nm)
excited by a normal-incident plane waveat 9.3 um. Unlike the uniform GNR case, the plasmonic resonance
mode of the non-uniform GNR no longer has translation invariance along the y-direction, but is instead
spatially confined in the middle section of the GNR. As a result, a nanoparticle above this GNR section
experiences an optical force which has not only x- and z-components, but also a y-component that tends to
localize the nanoparticle at the center of this resonant GNR section, as shown in Figure 2c-e. The
corresponding potential energy profile in the x-y plane is a 2D potential well localized to the resonant GNR
section (see Figure 2f). Therefore, the nanoparticle is optically trapped by the plasmonic resonance mode
of this non-uniform GNR in all three dimensions. The trapping potential well is also deeper than that of the
uniform GNR case, as a result of the additional field confinement and enhancement.
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Figure 3. Dependence of optical force and trapping potential on the non-uniform GNR configuration.
(a) Upper: The Fy component of optical force on the dielectric nanosphere induced by the plasmonic
resonance of a non-uniform GNR, assuming three different GNR resonant section lengths as specified
in the legend. Lower: The corresponding potential energy profiles. (b) Upper: The Fy component of
optical force on the dielectric nanosphere induced by the plasmonic resonance of a non-uniform GNR,
assuming different Fermi energies of the non-resonant side sections as specified in the legend. The
middle resonant section has a length of 500 nm and Er=0.4 eV. Lower: The corresponding potential
energy profiles. (¢) Upper: The Fy component of optical force on the dielectric nanosphere induced by
the plasmonic resonance of a non-uniform GNR, assuming either abrupt or gradual Fermi energy
transitions for various Fermi energies of the non-resonant side sections. Lower: The corresponding
potential energy profiles. The nanosphere (diameter 50 nm, refractive index 2.5) is placed at a constant

height (d=10 nm), and moved in the y-direction along the middle line of GNR for all the calculations
shown in this figure.




Clearly, the length of the resonant GNR section is a critical parameter which determines the plasmonic
resonance mode and hence the optical force and trapping potential profile. Figure 3a shows the calculated
y-component of the optical forces (Fy, upper panel) and the corresponding potential energy profiles (lower
panel), as the y-coordinate of the nanoparticle varies along the middle line of the GNR. Calculations based
on three different resonant section lengths are compared in Figure 3a, with the Fermi energy of the side
sections set to 0.1 eV. It can be seen that when the resonant section is relatively short (e.g. ~300 nm), the
optical force and the potential well depth both decrease significantly, which may not achieve stable trapping.
When the resonant section is relatively long (e.g. ~800 nm), the trapping potential well is much deeper, but
its width in the y-direction also increases significantly. The intermediate case with 500 nm resonant section
length leads to the largest Fy, and corresponds to the best trade-off between trapping stability and spatial
confinement in the y-direction. Therefore, most of the results described in the following are based on GNR
structures with 500 nm resonant section length.

The distribution of Fermi energy in different sections is another important factor for determining the
trapping performance. For a given GNR width, Er of the resonant section is always set to the value which
matches the plasmonic resonance to the excitation wavelength. Then a sufficient Fermi energy contrast
between the resonant section and the two side sections needs to be established, so that the plasmonic
resonance mode and hence the trapping potential well are localized to the resonant section. Figure 3b shows
the calculated Fy (upper panel) and the corresponding potential energy profile (lower panel) for various Er
values of the side sections, ranging from 0.1 eV to 0.6 eV, as functions of the nanosphere y-coordinate.
This comparison shows that in general larger Fermi energy contrast (either positive or negative) leads to
larger optical force and deeper trapping potential well. Nevertheless, even a moderate Fermienergy contrast
(e.g. 0.1 eV) is sufficient to achieve the potential well depth required for stable trapping (~10 kgT).
Furthermore, our calculation reveals that when the side sections have a higher Fermi energy than the
resonant section in the middle (i.e. a negative Fermi energy contrast), the trapping force and the potential
well depth are considerably larger than when the side sections have a lower Fermi energy (i.e. a positive
Fermi energy contrast). Therefore, establishing a higher Fermi energy in the side sections allow for a
reduction of the excitation source intensity, although this also requires applying a significantly larger gate
voltage which can be challenging in practice.

The results discussed so far are obtained under the assumption that the Fermi energy transitions between
the different sections are abrupt. In reality, such a transition should occur gradually within a finite region,
the length of which depends on the details of the gates, such as the gate insulator thickness and the
separation between neighboring gate electrodes. Therefore, we also investigated the optical forces and
trapping potential profiles of such non-uniform GNR structures with gradual Fermi energy transition
regions. A comparison between these two different scenarios is presented in Figure 3c. The gradual
transition regions are all assumed to be 40 nm in length regardless of the Fermi energy contrast, and the
Fermi energy varies linearly in the transition regions. It can be seen that both the optical force and the
potential well profiles associated with the gradual transition scenario are not significantly different from
those of the abrupt transition scenario. On one hand, the gradual transition regions make the resonant section
effectively longer, which tends to increase the trapping potential depth. On the other hand, the gradual
transition regions lower the Fermi energy contrast, which tends to decrease the trapping potential depth.
These two competing factors can lead to either a moderate increase (e.g. side section Er=0.2 eV) or a
moderate decrease (e.g. side section Er=0.1 eV) of the trapping force and potential depth, depending on the
specific Fermi energy configuration. Although the gradual Fermi energy transition in a real structure can
have a more complex profile than the linear transition assumed here, based on the results in Figure 3c, we
do not expect such specific details to have a significant impact on the trapping force and potential energy
profiles. Overall, the abrupt transition assumption can be considered a simple yet relatively accurate first-
order approximation to the gradual transition scenario.
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Figure 4. GNR plasmonic conveyor belt network. (a) Conceptual schematic
illustrating the proposed GNR plasmonic conveyor belt network which can
simultaneously and independently trap and transport multiple nanoparticles
to different target locations within the netw ork. (b) Schematics of the cross
junction and tee junction of the GNR network with geometric details of the
structure designs.

GNR plasmonic conveyor belt network structure and operation. In addition to the capability of stably
trapping nanoparticles, another key advantage of the proposed non-uniform GNR structure is that it can
function as a conveyor belt to transport the trapped nanoparticles along the GNR. This is straightforwardly
achieved by dynamically reconfiguring the Fermi energy distribution in the GNR using the back-gate array,

which shifts the position of the trapping potential well along the GNR. In stark contrast to the previously
demonstrated nano-optical conveyor belts based on metallic plasmonic structures,”?’” such a GNR
plasmonic conveyor belt does not need any change to the excitation light source. Furthermore, the trapped
objects can be transported to any target location along the GNR, with a position resolution equal to half of
the gate array pitch, which can reach ~10 nm range using standard nanofabrication technology such as

electron beam lithography. Therefore, such GNR-based plasmonic conveyor belts are a potentially more
convenient, reliable and versatile solution than the metal-based plasmonic conveyor belts. More importantly,
we can further extend this 1D structure to form a 2D network of GNR plasmonic conveyor belts, as

conceptually depicted in Figure 4a. Such a 2D network can have multiple input and output ports, as well as

embedded units with various functionalities. Multiple nanoparticles can be simultaneously and
independently trapped and transported between different ports and embedded function units within the
network, all controlled electrically by a 2D back-gate array. Such a conveyor belt network for nanoscak
objects may find a variety of applications, ranging from lab-on-a-chip for biochemical assays to studying
many-body physics and advancing quantum information technologies.

In addition to straight GNRs, the proposed 2D GNR network also consists of another two key components,
i.e., cross junctions and tee junctions, as shown in Figure 4b. A fully functioning 2D conveyor belt network
requires that trapped nanoparticles can be routed at will at these junctions. In the following, we describe n
details suitable operation schemes for routing trapped objects at these two types of junctions, which are



relatively intuitive and similar to that for transporting trapped objects along GNRs. To excite plasmonic
resonances in both horizontal and vertical GNRs, either an unpolarized laser beam or a superposition of
two orthogonal linearly-polarized laser beams can be used. It can be clearly seen in Figure 4b that the
structures of the cross junction and the tee junction are not simply formed by intersecting two orthogonal
GNRs. Instead, these junctions consist of a slightly smaller graphene square (side length 55 nm) connected
to the 80 nm wide GNRs via narrower graphene strips (15 nm wide). We designed such junction structures
because they support localized plasmonic resonances which tend to trap nanoparticles at the junction center,
and hence it is more straightforward to achieve all-directional routing at such junctions. A junction formed

by simply intersecting two orthogonal GNRs can only trap nanoparticles adjacent to the junction center,
which is a result of its plasmonic resonance mode profile and not ideal for all-directional routing.
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Figure 5. All-directional routing at the cross junction. (a)-(d) Schematics showing the Fermi energy
configurations of the cross junction and the corresponding near-field profiles (insets) associated with
the key steps for routing a nanoparticle. In each configuration, the nanoparticle is trapped at the high-
field region, which can be seen from the optical force and potential energy profile calculations in ()
and (f). A gradual transition from one configuration to another configuration (as indicated by the
arrows) transports the trapped nanoparticle from one trapping position to the other. (e) The calculated
optical force on the nanosphere and the corresponding potential energy profile for the configuration
in (a) (and in (c) or (d) when applying a mirror image operation or a 90° rotation operation,
respectively). The optical force is calculated as the nanosphere coordinate varies along the red dashed
line in (a). (f) The calculated optical force on the nanosphere and the corresponding potential energy
profile for the configuration in (b). The optical force is calculated as the nanosphere coordinate varies
along the red dashed line in (b). The nanosphere is kept at a constant height corresponding to =10
nm for all the calculations.




All-directional routing at a cross junction. A suitable scheme for dynamically reconfiguring the Fermi
energy distribution for all-directional routing at a cross junction is shown in Figure 5. The schematics in
Figure 5a-d show the Fermi energy configurations of such a cross junction in several representative steps
of the routing procedure, with the insets showing the near-field profiles of the corresponding plasmonic
resonance mode. For instance, we can assume the same dielectric nanosphere enters from the lower GNR
branch of the cross junction and needs to be routed to one of the other three GNR branches. The first step
is to transport the nanoparticle along the lower GNR branch toward the cross junction. This is achieved by
gradually shifting the resonant GNR section (500 nm long, Er=0.4 eV) along the positive y-direction, until
this 500 nm long section includes the graphene square at the junction center, which corresponds to the
schematic in Figure 5a. In this case, the nanoparticle is trapped at the location with the highest field intensity
in the lower GNR branch. The second step is to further shift this resonant GNR section along the positive
y-direction until its middle point is at the junction center, which corresponds to a transition from Figure 5a
to Figure 5b. The highest field intensity of the configuration in Figure 5b is localized at the graphene square,
as shown in the inset. Therefore, the nanoparticle is now trapped exactly at the junction center. To
subsequently route the nanoparticle from the junction center to any GNR branch, we simply need to
gradually shift the resonant section into that GNR branch as the final step. For example, a gradual transition
from Figure 5b to Figure 5c or Figure 5d corresponds to routing the nanoparticle into the upper or the right
GNR branch, respectively. Essentially, during the entire routing process, the nanoparticle is always
localized near the center of the resonant GNR section and moves along with this section from one branch
to another. This intuitive routing scheme is supported by our quantitative calculation of the optical forces
and the corresponding potential energy profiles for the different Fermi energy configurations. Figure Se
shows the Fy component of optical force and the corresponding potential energy profile as a function of the
y-coordinate of the dielectric nanosphere, assuming the Fermi energy configuration in Figure 5a. Indeed,
the optical force tends to trap the nanoparticle at the location with the highest near-field intensity in the
lower GNR branch, and the depth of the trapping potential well exceeds 10 kgT needed for stable trapping.
Due to the 4-fold rotation symmetry of the cross junction, the calculated results in Figure 5e also applies to
the configurations in Figure 5c and Figure 5d after making the corresponding symmetry operations. Figure
5f shows the Fy component of optical force and the corresponding potential energy profile as a function of
the y-coordinate of the dielectric nanosphere, assuming the Fermi energy configuration in Figure 5b. In this
case, the optical force (the potential well) tends to localize the nanoparticle exactly at the cross junction
center. However, the optical force and the potential well depth are smaller than those in Figure 5e, which
is mainly due to the fact that the plasmonic resonance mode for this configuration has a relatively smaller
high-intensity region (see Figure 5b). This may not be an issue if the nanoparticle only needs to be trapped

at the junction center for a short period of time. On the other hand, this potential well depth can be increased
to ~10 ksT by moderately increasing the excitation source intensity to ~1.5 mW/um?.

All-directional routing at a tee junction. Routing nanoparticles at a tee junction can be accomplished
using a similar scheme, which is depicted in Figure 6. Again, we assume the nanoparticle enters from the
lower GNR branch of the tee junction. A gradual transition from the configuration in Figure 6a to that in
Figure 6b moves the trapped nanoparticle from the lower GNR branch to the center of the tee junction (i.e.
the graphene square). A subsequent transition from Figure 6b to Figure 6c moves the nanoparticle straight
across the junction into the upper GNR branch, whereas a gradual transition from Figure 6b to Figure 6d
moves the nanoparticle into the horizontal GNR branch on the right side, accomplishing a 90° turn at the
tee junction. The time reversal of these processes are also applicable, and therefore a nanoparticle entering
from the horizontal branch or the upper branch can also be routed to any other branch via the tee junction.
The validity of this all-directional routing scheme for the tee junction is also supported by our calculation
of the optical forces and the potential energy profiles. Figures 6e-g show the optical forces and the potential
energy profiles corresponding to the configurations in Figure 6a, Figure 6b, and Figure 6d, respectively.
Again, for all the calculations, the coordinate of the dielectric nanosphere is varied in the direction parallel

10



to the resonant GNR section. As expected, in each configuration the center of the trapping potential well
matches the location with the highest near field (see insets of Figure 6a-d). The nanoparticle is trapped in
and follows the movement of the potential well to complete various routing paths, as the Fermi energy

distribution at the tee junction is dynamically reconfigured. These results are also quantitatively similar to
those of the cross junction in Figure 5.
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Figure 6. All-directional routing at the tee junction. (a)-(d) Schematics showing the Fermi energy
configurations of the tee junction and the corresponding near-field profiles (insets) associated with
the key steps for routing a nanoparticle. In each configuration, the nanoparticle is trapped at the high-
field region, which can be seen from the optical force and potential energy profile calculations in (e)-
(g). A gradual transition from one configuration to another configuration (as indicated by the arrows)
transports the trapped nanoparticle from one trapping position to the other. (¢) The calculated optical
force on the nanosphere and the corresponding potential energy profile for the configuration in (a)
(or in (¢) when applying a mirror symmetry operation). (f) The calculated optical force on the
nanosphere and the corresponding potential energy profile for the configuration in (b). (g) The
calculated optical force on the nanosphere and the corresponding potential energy profile for the
configuration in (d). The optical forces are calculated as the nanosphere coordinate varies along the
red dashed line in each configuration schematic. The nanosphere is kept at a constant height
corresponding to d=10 nm for all the calculations.
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DISCUSSION

We have proposed and analyzed the performance of a plasmonic conveyor belt network based on GNRs
which can simultaneously and independently trap and transport multiple nanoparticles to different target
locations within the 2D network. Our quantitative analyses of the optical forces and the corresponding
potential energy profiles are based on local regions of the proposed network (either a linear GNR section
or a junction) containing a single nanoparticle. Nevertheless, since a plasmonic resonance mode is
determined by the local GNR geometry and Fermi energy distribution, and the mode is also localized to the
resonant GNR section, itis hardly influenced by anoncontiguous region of the network. Therefore, different
regions of such a 2D GNR network can perform trapping, transportation and routing of different
nanoparticles simultaneously and independently. Essentially, each GNR section between two neighboring
junctions (see Figure 4) can be considered as an independent plasmonic conveyor belt for manipulating one
nanoparticle. Different nanoparticles in different GNR branches can be routed at the same junction
following an appropriate sequence, the details of which depend on the specific application and need.

We have presented suitable designs for the cross junctions and the tee junctions, which are crucial
components of the proposed 2D conveyor belt network. These junction designs enable simple and intuitive
schemes for reconfiguring the Fermi energy distribution to achieve all-directional routing. This is mainly
because their plasmonic resonance modes trap the nanoparticle exactly at the junction center, which should
be a crucial goal when making alternative designs for such junctions. We expect that the junction designs
can be further optimized by changing the sizes and/or the shapes, so that the trapping potential depth can
be further increased. The results presented in this work are mostly based on a spherical dielectric
nanoparticle with 50 nm diameter. If for example the diameter of the nanosphere is 20 nm, the trapping
potential energy (~2 kgT) is about 1/6 of that for the nanosphere with 50 nm diameter, as shown in the
Supporting Information Figure S3. However, we expect stable trapping and manipulation of such small
dielectric objects (dimensions of about 20 nm or below) can be achieved with design optimizations in
various aspects, such as increasing the graphene carrier density, decreasing the GNR width and the
operating wavelength, which should lead to larger field gradients of the plasmonic resonance mode.
Alternative designs of graphene plasmonic structures and graphene-metal hybrid structures* can also be
explored to enhance the optical forces on smaller objects. Moreover, as the plasmonic response of a
graphene structure is highly sensitive to its environment, the self-induced back-action effect can be
exploited to further increase the trapping and manipulation performance.

The fact that graphene plasmonic structures enable the use of mid-infrared or even terahertz excitation
sources for optical trapping and manipulation can be a key advantage for certain applications, since such
relatively low photon energy is less likely to cause undesired light-induced changes to the trapped objects
(e.g. photoionization or photobleaching). Furthermore, as vibrational modes in molecules and optical
phonons in crystalline materials are mostly in the mid-infrared to terahertz spectral region, optical trapping
and manipulation using mid-infrared or terahertz sources can also be combined with various infrared
spectroscopy techniques for characterizing these material excitations in the trapped objects. Although the
excitation wavelengths in this spectral region are much larger than those of near-infrared or visible sources
used in metal-based plasmonic tweezers, the GNRs can still induce significant optical forces on
nanoparticles at a moderate excitation intensity, thanks to the exceedingly large field confinement and
enhancement of graphene surface plasmons. In addition, the optical force and trapping potential energy can

be significantly enhanced by exploiting the resonantly enhanced polarizability due to molecular vibrations
and/or optical phonons in target objects.

Another important issue for plasmonic tweezers in general is the heating due to light absorption in the
resonant plasmonic structures. A comprehensive and quantitative investigation of the heat generation and
dissipation aspects of the proposed structures is beyond the scope of this work. Nevertheless, we point out
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that graphene has remarkably large thermal conductivity, which facilitates spreading and dissipation of heat
generated at the localized resonant sections in a network structure. A variety of candidate materials with
both high thermal conductivity and transparency windows in the mid-infrared region, such as diamond,
silicon carbide and aluminum nitride, can be used as the substrate to further mitigate any potential heating
effect. On the other hand, although heating can cause undesirable issues, it can also be utilized to assist
optical trapping and manipulation by implementing suitable structure designs and/or combining with
additional physical effects, as has been demonstrated previously.*?

The proposed GNR plasmonic conveyor belt network have high design flexibility and system scalability.
As the GNRs are protected by a thin encapsulation layer in this proof-of-concept design, the system can
operate in various liquid media and be integrated with other types of structures and devices. Therefore, it
may find a wide range of applications in different areas, such as lab-on-a-chip for biochemical assays,
assembling nanoparticles to form more complex structures and devices, as well as manipulating
nanoparticles for studying many-body physics and advancing quantum information technologies. Our work
provide physical insights and design guidance for further experimental demonstration and development of
such a potentially versatile technology.

METHODS

Simulation of electromagnetic field distributions and calculation of optical forces. The electromagnetic
field distributions of the investigated systems were simulated using Lumerical FDTD which is based on the
finite difference time domain method. Graphene was modeled as a 2D surface with an optical conductivity
expression based on the Kubo formula.4® The carrier scattering rate of graphene was set to 1 meV in terms
of energy (corresponding to a scattering time of ~0.66 ps and a carrier mobility of ~16000 cm?/Vs). Periodic
boundary conditions were used for the x and y boundaries with the periods setto be 1 um in both directions,
which were large enough so that the plasmonic resonance modes were determined by the local structure
rather than by the periodicity. A broadband normal-incident plane wave with a center wavelength at ~9.3
um was used as the excitation source. The calculation of optical forces on the target object (i.e. the dielectric
nanosphere) was based on taking the volumetric integral of the Lorentz force density*” over a cubic volume
which completely contained the dielectric nanosphere but no other object. We chose this method after we
compared it with the Maxwell stress tensor method, and found that the former had less numericalnoise than
the latter for calculating forces on such nano-scale objects.
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Graphene Nano-Ribbon Plasmonic Conveyor Belt Network for Optical
Trapping and Transportation of Nanoparticles

Peter Qiang Liu*, Puspita Paul

Brief synopsis: the TOC graph shows a schematic of the proposed graphene nano-ribbon plasmonic

conveyor belt network architecture, a schematic of the detailed device structure, and a simulated trapping
potential energy profile for a dielectric nanosphere.
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