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Monolayer Conveyor for Stably Trapping and Transporting

Sub-1 nm Particles

Mohammad Danesh, Mehdi Jafary Zadeh, Tianhang Zhang, Xiaohe Zhang, Bing Gu,
Jin-Sheng Lu, Tun Cao, Zhengtong Liu, Andrew T. S. Wee, Min Qiu, Qiaoliang Bao,

Stefan Maier, and Cheng-Wei Qiu*

Efficient manipulation of nanoparticles and single molecules has always been
of great interest and potential in nanotechnology. However, many challenges
still remain in effectively functionalizing structures for this purpose. In this
work, taking advantage of graphene’s Dirac plasmon for its extreme
confinement and tunability, a monolayer conveyor along which the position of
optical potential well can be dynamically controlled is theoretically proposed.
It is shown that by tuning a single voltage, one can manipulate the resonance
along the graphene nanoribbon by changing graphene’s effective surface
plasmons wavelength. A configuration of monolayer graphene conveyor is
proposed and Langevin dynamics reveals that a prototypical nanoparticle

(1 nm size) can be effectively confined and transported along the device with
proper external bias voltage. Hence, this work successfully proposes a

1. Introduction

During the last few decades, manipu-
lations of micrometer-scale objects with
light have been demonstrated in large
numbers and go on attracting great in-
terests. For example, by exploiting the
competition of two kinds of light-induced
forces, optical force and photophoretic
force, a gold microplate can be driven to
move back-and-forth on a tapered fiber.!!]
Besides, photophoretic force can be uti-
lized independently to transfer gold-
coated hollow glass microspheres along
a radially or azimuthally polarized beam

promising avenue toward reconfigurable nanomanipulation of sub-1 nm
nanoparticles, and goes beyond the current state-of-the-art of optical
micrometer/nanometer-sized particles manipulation with optical tweezers

and nanoplasmonic tweezers.

in a long range.?l Conventional opti-
cal tweezers have been developed into a
widely adopted tool for trapping and ma-
nipulating micrometer sized objects.>®!
These tweezers have been used in atomic
cooling,®! trapping bacteria,”) assembly
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of nanowires!>!% and even creating fields that can exert negative
optical forces.''*l However, these applications have been mostly
limited to particles in the micrometer scale. When dealing with
objects in the nanometer scale, both ways using photophoretic
force and optical force (i.e., conventional optical tweezers) face
major challenges. It is owing to that, for photophoretic force, it
is dependent on the temperature gradient while creating a con-
siderable temperature gradient in nanometer scale is extremely
hard. For optical force, this force exerted on a nanoparticle is ex-
tremely small due to the diffraction limit.['>'®] In addition, the
small surface area of the nanoparticle reduces the drag forces,
making the nanoparticles more susceptible to random thermal
fluctuations.!®)

In order to increase the exerted optical forces on nanopar-
ticles, the interaction between light and metals has been ap-
plied to excite surface plasmons(’®! which are usually associ-
ated with enhanced evanescent near-field components to pro-
duce remarkable gradient forces and effectively maneuver these
nanoparticles.'’1?] Plasmonic tweezers in the last few years
have allowed us to trap objects from the micrometer range
down to the nanoscale. For example, polystyrene nanoparticles
ranging from 200,12°1 110,21 and 20 nm(?>?%] in diameter were
trapped efficiently in experiments using plasmonic nanostruc-
tures of nanoantennas,!?”! nanopillars,/?!] nanocavities,!??l and
nanoholes.[?*) Theoretical studies have also demonstrated effi-
cient trapping mechanisms for particles as small as 10 nm within
slot waveguides,!?*] hybrid plasmonic waveguides,!®] graphene
plasmons,?°! gold nanogap electrodes,!?’) and even 2 nm parti-
cles using the tip of a tapered coaxial waveguide.[?! However,
controllable trapping and functionalization of sub-1 nm particles
or in other words atomic and molecular scale nanomanipulation
still face considerable challenges.

In addition to scaling toward smaller sized particles, various
new optical tweezer functions for nanoparticles have also been
achieved such as sorting,[?3%) transportation,>*3¢! rotation,*”]
and positioning!**3%1 using different techniques such as polar-
ization control,*! frequency control,****] Fano resonance in-
duced optical forces,3'*!) and power control.l?’) Nevertheless,
significant challenges have yet to be overcome. For example,
the long-range mobilization of nanoparticles require mechan-
ical movements of the physical tweezer setup, as well as the
change of frequency or polarization of the illumination, or
the amplitude/phase of the structured light, which are difficult
to implement in integrated applications for sub-10 nm sized
particles.[2933.3440]

These aforementioned limitations stem from the nature of the
material used in classic nanoplasmonic tweezing such as gold
and silver, since the electromagnetic properties of these mate-
rials are not easily tunable. In other words, once the trapping
structure is fabricated, it can be quite challenging to modify
the effective optical potentials. To this end, Dirac plasmons in
graphenel*#’] offer us a new tool since it allows a wide tun-
ing range of the effective electromagnetic properties via elec-
trostatic screening.[*#0484] There have already been prelimi-
nary studies of the properties of forces mediated by graphene
plasmons.5%%3] For example, a graphene sheet placed on top of a
reflective substrate can be used to create a self-levitating sheet, !
and a graphene waveguide can be used to create a strong nanopar-
ticle trap inside the waveguide.>!]
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Our work focuses on utilizing the main advantages and
uniqueness of graphene plasmons, i.e., its tunability and strong
electromagnetic field enhancement,*3! to create a novel solu-
tion for sub-nanometer nanoparticle manipulation: a molecular
nanoconveyor platform. We propose a simple yet novel design
that can be used to create an electrically tunable optical potential
field. This optical potential field can be used not only to trap but
also to control the position of the nanoparticles along the edges of
the structure, i.e., a graphene conveying belt, by altering an elec-
trical voltage of the back gate to yield full control over the position
of the particle and even its transportation speed along the optical
nanoconveyor. To verify the validity of our postulations under re-
alistic conditions, we used Cy, admolecule as prototype molecule
and investigate its diffusive and drift motion on graphene under
applied external field using Langevin dynamics (LD) with param-
eters carefully obtained from molecular dynamics and thermal
simulations.>l Organic molecules physisorbed on graphene are
important in a variety of technologies.l>>*¢ Such intriguing po-
tential applications clearly mark the importance of constructing
a physical manipulation platform for the advanced control of the
mobility of buckyballs and other organic molecules in various en-
vironments including on membranes and surfaces.>*>7-62]

The schematic of our design is illustrated in Figure 1. The
excitation of localized surface plasmon resonances (LSPR) on
the graphene surface can be achieved using a normal-incident
plane wave. The substrates are made of a nonabsorption mate-
rial. To transport the molecules along the graphene ribbon edge,
at the first step, we need the molecules to be tightly trapped at
the edge. Consequently, we can control the position in the x-
direction (marked in Figure 1) by applying a tunable optical force
on the molecules along this direction. The graphene nanocon-
veyor is designed in a tapered manner to achieve this x-directed
optical force. The slightly tapered design introduces asymmetry
in the x direction, creating electric field inhomogeneity along the
nanoconveyor, resulting in optical gradient forces. One of the im-
portant characteristics of LSPR is their extreme sensitivity to geo-
metrical dimensions. Therefore, the exact location of the geomet-
ric resonance occurring on the tapered nanoconveyor depends
on A, the effective wavelength of the surface plasmon. Due to
graphene’s unique Dirac plasmons, the surface plasmon wave-
length can be directly tuned by changing the carrier density via
an electrical back gate. Therefore, by changing the voltage of the
back gate, the carrier density changes, varying 4, and resulting
in the geometrically sensitive LSPR resonance that can be real-
located at different locations along the nanoconveyor as plotted
in the inset of Figure 1. The time domain transfer dynamics of
fullerene C,, across graphene nanoconveyor is also plotted in the
inset, while this part will be discussed later.

In order to demonstrate the concept of an electrically tunable
optical potential, we carefully design a tapered graphene ribbon
in vacuum environment at room temperature (300 °K) (see Fig-
ure 2a). The tapered ribbon can act as a graphene nanoconveyor
allowing the geometrically sensitive localized surface plasmon
resonances to shift along its length. In this design, the nanocon-
veyor | is 1.5 pm long and the width gradually changes from
w; = 100 nm to w, = 80 nm. It should be noted that graphene’s
broadband mid-infrared plasmons allow these dimensions to
be geometrically scaled by changing either the operating wave-
length A, or the doping range E;, < E; < Ep,, depending on the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic of sub-1 nm graphene nanoconveyor. The resonance area along the graphene nanoribbon could be manipulated by tuning a single
voltage. Cgy molecules could be transported bidirectionally along the edges of the nanoribbon with the shift of resonance area, realizing a nanoconveyor.

geometrical requirements. The structure is optimized to operate
with a Fermi Level of 0.27eV < E(V) < 0.32eV, which is very
practical. In our case, we have designed the nanoconveyor to op-
erate at the wavelength of commercially available CO, lasers. The
incident laser has a wavelength of 4, = 10.7 ym and the inci-
dent intensity is 100 mW pm~2. The light propagates normally
onto the graphene surface (z-direction) and is linearly polarized
with its polarization along the width of the nanoconveyor, cre-
ating localized plasmon resonances on the edges of graphene
structure.[*] The plasmon mode is the dipole like resonance
mode along the narrow side of the ribbon, which moves along
the ribbon as the Fermi level changes. These plasmon hotspots
can be observed in Figure 2a for the case of a Fermi level of
E; = 0.30 eV. Note that the electric field intensity plot has been
scaled to fit within the graphical design.

The highly confined electromagnetic near-fields are due to geo-
metrical LSPRs, causing electric charges to be disposed at the two
edges of the graphene nanoconveyor, which gives rise to a highly
resonant electrical dipole mode that results in drastically chang-
ing evanescent fields E,,. These near-fields could have electro-
magnetic energy enhancements as high as | Ey, /E,|* > 10*. The
enhanced evanescent fields are also extremely confined in spa-
tial dimensions in orders as small as 6! « 10 nm, resulting in
huge electric nearfield spatial gradients. Spatial gradients of elec-
tric amplitude create optical gradient forces that serve to pull
nanoparticles toward regions with maximum potential, poten-
tially leading them to become optically trapped. As the size of
the fullerene Cy, molecules are of the order of ~ 1 nm—orders
of magnitude smaller than the wavelength of the incident laser—
the Rayleigh regime is assumed. Thereby we can directly relate
the optical forces to the gradient fields F,,, « V|Ey, |* which can
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trap particles in very tightly optical potentials U,,, « |E,|*. Once
a nanoparticle is in the vicinity of these optical potentials, it will
be subject to large forces until it is trapped into the minimum
energy point. In other words, the plasmons generated by the
graphene nanoribbon could have resolution as high as nanome-
ter scale. Generally, an optical trapping with potential depth lager
than one k, T can be regarded as stable.[®*] When the Fermi level
is in the range of 0.27 eV < E;(V) < 0.32 eV, the potential gen-
erated by the LSPR of graphene is ~10* times larger than that
generated by incident field U, /U, indicating that the potential
is large enough to trap nanoparticles.

We perform full-wave electromagnetic simulations (see Sec-
tion S2 in the Supporting Information) to calculate the forces and
optical potentials at the lower edge of the graphene ribbon, while
the case of upper edge will be very similar. For an example, at
the doping level of 0.32 eV (Figure 2b,c), LSPR is generated at
the broader end of the nanoconveyor. The electromagnetic near-
fields at this region lead to strong gradient optical forces there,
creating a 3D optical potential centered at x,,, (0.32 eV) = 250 nm
on the edges of the nanoribbon. The optical forces in the hor-
izontal (lateral) planes as in Figure 2b,c are calculated when a
fullerene Cy, molecule is placed with its center of mass 0.8 nm
above the graphene sheet. The x and y directions here are de-
fined as the directions parallel and perpendicular to the lower
edge of the graphene ribbon, respectively. A closer look at the in-
plane optical forces F,, and F, shows a major difference between
them. The force in the y-direction is nearly two orders larger
than F,. The reason is that the electric field in the y direction is
much more confined than in the x direction. Thus, the molecules
could be trapped into a thin line at the proximity of the graphene
edges.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Structure of the graphene optical nanoconveyor. The electric field is assumed to be propagating normally onto the graphene surface with
a polarization along the width of the nanoconveyor, resulting in a localized plasmon resonance on the graphene structure. b,c) Optical force fields
calculated near the lower edge of the graphene ribbon. The x and y directions here are defined as the directions parallel and perpendicular to the lower
edge of graphene ribbon, respectively. The area enclosed by dashed lines represent the graphene covered area which is in tapered shape. b) F, optical
force in the transport direction along the edge, i.e., x direction. c) F, created perpendicular to the transport direction.

Once the strong y-directed forces pull the particles into the
nanoconveyor and trap them in the y-direction, the particles be-
come closer to the focused near-fields and as a result more sus-
ceptible to the long range F, longitudinal forces. The F, force on
C, ball is quite long-range, extending a few hundred of nanome-
ters along the graphene nanoconveyor, as shown in Figure 2b.
The optical force in this case creates a stable trap pulling the
particle toward the trapping region at x,, x 250 nm along the
graphene nanoconveyor. As the voltage is changed, the trapping
location x,, o E; o 4/V} can be shifted toward the other end of
the nanoconveyor as shown in Figure 3. The structure is designed
to create a highly focused electromagnetic field that enables a
very stiff trap in the y-direction effectively confining the parti-
cles along a narrow trajectory while it is transported from one
side of the nanoconveyor to the other. Trapping stability can be
achieved since an optical potential can be obtained in our system
~10 times larger than the thermal energy ~10 k; T.1! The trap-
ping potential and forces in vertical direction are presented in
details in Section S3 (Supporting Information).

Figure 3 shows that the optical potential well can be almost
linearly shifted along the nanoconveyor x-direction by tuning the
Fermilevel. The graphene’s Dirac plasmon dispersion directly re-
lates the effective plasmon wavelength to the level of doping on
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the graphene structure and induces a longer A, for a larger E;.
As mentioned, this allows us to take advantage of geometrically
sensitive localized plasmon resonances to create focused electro-
magnetic energy spots at various locations along the graphene
nanoconveyor. Therefore, shifting of the optical potential well by
changing of the electrostatic doping is enabled. A linear relation
between optical potential peak and Fermi level is found in the
form x,, (um) = aE(eV) + b (Figure 3b) which also corresponds
to the graphene’s linear plasmon dispersion.

We further investigate the effects of our designed optical po-
tential with regard to the mobility of the prototypical nanoparti-
cle using Langevin dynamics.!®%’] Using the Langevin equation
(LE) for the case of a single absorbed molecule on a surface, all
of the substrate degrees of freedom in the equations of motion
are coarse-grained and replaced by a random force, i.e., a ther-
mal heat bath, so that only the admolecule’s equation of motion
remains. Hence, the LE of a free admolecule can be written as
the following

mit = —V U(r) — mnt + &(t) + F (1) (1)

where m is the mass of the admolecule, r is the position vector
of the admolecule’s center-of-mass (COM), Ulr) is the potential
energy surfacel®! of the admolecule/substrate system, 7 is the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Shifting of optical potential field by changing of electrostatic doping. a) The absolute squared value of the electrical field enhancement |E/E,|?
created by the graphene nanostructure under various levels of electrostatic doping. For small particles in the Rayleigh regime |E/Ey|? is directly pro-
portional to the optical potential. b) Peak positions of the optical potentials versus Fermi level of the graphene sheet. A linear relation between optical
potential peak and Fermi level is found which corresponds to graphene linear Dirac plasmon dispersion.

friction coefficient between the admolecule and the substrate
(details in Section s3 of the Supporting Information), £ is the
stochastic force (heat bath), ¢ is the time, and F,,, is the external
force. In this context, the effective stochastic forces from the ther-
mal fluctuation of the substrate atoms (the heat bath), is usually
included as a white noise.l®”! It is known that the Cy, admolecule
on the pristine graphene at temperatures above 25 K performs
a continuous Brownian motion which is independent of the ge-
ometry of the PES.[5#60.66] [n this Brownian regime of free surface
diffusion, the U(r) is negligible and the dynamics of the system is
mainly governed by the frictional forces between the admolecule
and the substrate.[*®! To solve the Langevin model of our system,
these frictional forces and their temperature dependence can be
adapted from the large-scale molecular dynamics simulations us-
ing realistic interatomic potentials (see details in Section S4 of the
Supporting Information).

The external force is responsible for applying a drift on the
stochastic motion of the admolecule. In the case of applied optical
fields, F,, can be written as

ext

Fext(r) = Fopt (l’) + Fthermal (I') (2)
where F, is the optical (plasmonic) force due to the flux of pho-
ton momentum on the nanoparticle, and Fy, . is a force im-
posed by the thermal gradient which may be formed by the plas-
monic losses occurring inside the substrate.l®7!] In this device,
the temperature distribution is simulated and shown in the Sec-
tion S7 (Supporting Information). We found the temperature is
almost evenly distributed on the plane 0.8 nm above the surface
where the Cg, molecule is placed due to the high conductivity
of the graphene. Therefore, the force due to the thermal gra-
dient (Fyma) is negligible due to the small thermal gradient,
small size of the Cy, molecule and the vacuum environment. As
alow-loss plasmonic material, the plasmon properties can be ma-
nipulated via electrostatic doping. In general, the coulomb force
on the insulator is small. Hence, the coulomb force on the C,,
nanoparticle can be safety omitted.
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Adding the response from the optical force (F,,) into the
Langevin dynamics, we could tailor the overall interaction poten-
tial and use it to control nanoparticles adsorbed on graphene. A
series of simulations were performed assuming a static stable
trap at E; = 0.32 eV and randomly placing a series of fullerene C,
molecule at various locations on the nanoconveyor under differ-
ent incident intensities. The simulation results (details in Section
S5 of the Supporting Information) show that the physisorbed C,
admolecule could be trapped into the optical potential well within
a timeframe of 20 ns. The escape-velocity threshold is also cal-
culated (details in Section S6 of the Supporting Information) to
demonstrated this prediction.

In order to demonstrate the flexibility of the designed structure
for controlling the position of the nanoparticle, we apply a time-
varying stair-case function to the Fermi level E(t) in the inset of
Figure 4a. The Fermi level of the graphene sheet is changed from
0.32t0 0.27 eV in a stepwise function, each step lasting 10 ns. As
can be seen from Figure 4a, the Langevin dynamic simulations
show that this proposed function can be applied to transfer the
nanoparticle from one end of the structure to the other. The tra-
jectory of the nanoparticle in the inset of Figure 4a shows that
this movement has a smooth transition. Figure 4b presents a sta-
tistical analysis of the particle position, showing the probability of
the location for the nanoparticle for each step. E(t) corresponds
to the backgate voltage screening the graphene sheet and can be
arbitrarily designed, and for example, an average speed of about
10 m s~! is obtained in the case presented in Figure4b. One could
readily extend this concept and envision advanced manipulation
of the speed and even acceleration of nanoparticles, in addition to
electrically controllable amplitude and direction of optical force
exerted on the nanoparticles.

In summary, here we propose a novel mechanism for a sub-
nm molecule transportation platform (stable trapping and elec-
trically configurable conveying). One can easily devise different
time varying voltage functions applied on a single back gate to
control the speed, location and acceleration of a sub-1 nm parti-
cle along the graphene nanoconveyor. This concept can be widely

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Time domain transfer dynamics of Fullerene Cg, across graphene nanoconveyor. a) Trajectory of a nanoparticle placed on one edge under a
staircase function changing its Fermi level using electrostatic doping. E; (t) is plotted in the inset graph. b) Nanoparticle position probability distribution

versus Fermi level. The incident intensity is 250 mW pm=2.

adopted to design a plethora of structures using graphene plas-
mons, as versatile platforms for advanced particle nanomanipu-
lation. This conceptual proposal opens a new dimension particu-
larly in nanoparticle manipulation and may lead to many exciting
applications in future lab-on-chip nanotechnology.
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