Proceedings of the 9th IEEE International
Conference on Nano/Micro Engineered and Molecular Systems
April 13-16, 2014, Hawaii, USA

Nanorobotic End-effectors: Design, Fabrication, and in situ
Characterization

Zheng Fan, Student Member, IEEE, Miao Yu, Student Member, IEEE, Gautham Dharuman, Xudong
Fan, and Lixin Dong, Senior Member, IEEE

Abstract —This paper reports three types of nanorobotic end-
effectors: m@CNTs-based sphere-on-pillar (SOP) optical
nanoantennas, nanotube fountain pen, and m@CNTs-based
tunneling nanosensor. The fabrication method of the m@CNTs-
based SOP optical nanoantennas we developed has potentials in
the investigation of nano-optics and nano-photonics due to its
feasibility in preparing such devices. Nanotube fountain pen
(NFP) illustrates the practical applications in the direct
fabrication of nanostructures from 0 to 3D, which is of critical
importance in the future fast-prototype of nanodevices. The
m@CNTs-based tunneling nanosensor provides a new design in
measuring force/displacement in nanoscale, opening a new
ground in developing nanoelectromechanical system (NEMS).
These three end-effectors enable new functions for the
nanorobotic manipulators and extending people’s ability in
exploring the world in nanoscale.

Index Terms — nanorobotic, end-effector, optical antenna,
nanotube fountain pen, nanosensor

I. INTRODUCTION

HE pipeline factory that can assemble nano-
Telectromechanical systems (NEMS) is no longer a mere

fantasy. Scientists are now attempting to molecularly
manufacture nanodevices in a high throughput mode.
Richard Feynman predicted 50 years ago that one day people
would maneuver things atom by atom by using some
sophisticated techniques; today, the nanorobotic manipulator
enables the position and manipulation of nanomaterials
down to nanoscale or even atomic scale, which largely
extends our abilities to explore the “room at the bottom” [1].
With the help of nanorobotic manipulators, researchers have
made great progress in several areas such as nanomedicine
[2, 3], nano-optics [4], nanophotonics [5], and nanofluidics
[6, 7]. Through these investigations, the researchers
fabricated and assembled prototype NEMS devices
individually by using the manipulator before the large-scale
reproduction [8-10]. This resembles the individual manual
production mode in the industry’s history, which will
eventually develop into a large-scale production mode, such
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as the Fordism production mode. We can imagine an
automatic nanomanufacturing pipeline that will one day
fabricate nanodevices atom by atom just as robots make cars
in assembly-lines. With the advantages of the precise
position/displacement control, the nanorobotic manipulator
is a perfect “worker” candidate for the future
nanomanufacturing pipeline. Unfortunately, no suitable
nanotools or nanosensors exist for the reliable nanorobotic
batch fabrication nowadays. The conventional end-effectors
we use, such as nanoprobes and nanogrippers are too simple
to fulfill the requirements of sophisticated nanomanipulation.
In order to build a reliable bridge between the nanorobotic
manipulator and the nanoworld, the development of the
intelligent end-effectors should be tackled first.

In this report we introduce three types of nanorobotic
end-effectors, including sphere-on-pillar (SOP) optical
nanoantennas, nanotube fountain pen, and m@CNTs-based
tunneling nanosensor (Fig. 1).
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Fig.1 Nanorobotic end-effectors (a) sphere-on-pillar (SOP) optical

nanoantennas. (b) nanotube fountain pen. (c) m@CNTs-based tunneling
nanosensor.

IL.

We developed the in situ fabrication and characterization
of the m@CNTs-based optical nanoantennas. By delivering
and dwelling the encapsulated metals from m@CNTs onto
their tips, the sphere with controllable sizes and shapes can
be targeted. Such SOP nanostructures can function as optical
antennas for apertureless scanning near-field optical
microscopy (SNOM) [11-17], laser trapping [18, 19], or
single molecule detection [20, 21] in nanophotonic systems
and scanning anodes for field emitters [22] in vacuum
nanoelectronic devices.

SOP OPTICAL NANOANTENNAS
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Fig.2 The fabrication and characterization of m@CNTs-based sphere-on-
pillar optical nanoantennas (a) The schematic of EBIB. The inner metal of
an m@CNT will melt and flow out of the carbon shell due to the exposure of
e-beam. (b) Time-resolved EBIB process. A Sn@CNT was brought under
the electron beam at t = 0 s. Under the current density of 20 A/cm2 from 240
to 480 s, a molten section of tin appeared and moved to the tip of the tube
and the tube tip became more spherical. At t = 720 s, the inner metal first
broke out from the tube. After then, metal continues flowing out, and the
carbon shell near the tip of the tube deformed severely, which may be
responsible to the squeezing out of the sphere from the nanotube shell. Att=
1440 s, a sphere is visible on the tip of CNT and at t = 2880s, the sphere on
the tip completed, the shrinkage of the carbon shell prevented the metal flow
from the bottom to the top of the tube. (¢c) Time sequences of bubbling
differed at different current densities and tube sizes. (d) A model of a
sphere-on-pillar optical nano-antenna. (e) A pair of sphere-on-tip
nanostructures fabricated by EBIB. Inset shows a pair of m@CNTs is
positioned together before EBIB is performed. (f) EELS excitation on the
volume center and the surface of a sphere (Refer to (e) for the positions that
the electron beam focused on).

The fabrication processes is named electron-beam-
induced bubbling (EBIB). The raw material we used is Sn-
filled CNTs (Sn@CNTs). A single-tilt TEM holder is used
for EBIB, and a scanning tunneling microscope (STM) built
in a TEM holder (FM2000E, Nanofactory Instruments AB)
is used as a manipulator. The setup of EBIB is schematically
illustrated (Fig. 2(a)). During the EBIB, the current density
of the electron beam transmitting through the CNTs is
adjusted by changing the focus as well as the magnification,
the brightness and the incident area. The final shapes can be
either spheres or particles with multiple facets, and are
related to the heating and cooling processes. We found that
the sizes of the spheres on the tips are related to the exposure
time and the orifices of the nanotube. Fig. 2(b) is a series of
time-resolved TEM images showing the EBIB process of a
Sn@CNT at a current density of 20 A/cm’ with the
magnification of x300K and the irradiation area of 1.3x10™*
cm’. The accelerating voltage of the electron beam keep at
200 kV in all experiments. By increasing the current density,
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the local temperature increased due to the increase of the
electron energy. Starting from an as-synthesized Sn@CNT,
an observable nanosphere formed on the tip of the CNT due
to the exposure under the electron beam. At ¢ = 720 s (Fig.
2(b)), the inner molten metal first broke out of the nanotube.
In our previous investigations, we observed that the tin
nanowire melted entirely in the CNTs when the current
density reached 0.4 A/cm’, and the expansion of the tin wire
occurred at the same time [23]. The much higher current
density applied here (20 A/cm?) is attributed to the bubbling
of the molten metal. At the beginning of the process,
polyhedral nanoparticles (Fig. 2(b), 1200 s) will be formed.
Further, it is found that it is possible to convert polyhedral
nanoparticles into spheres by increasing the temperature
further (Fig. 2(b), 2880 s) [24]. We attribute the bubbling
and the shape conversion to the electron irradiation and the
secondary effects, including the carbon shell contraction and
the surface tension of the molten metal. The encapsulated
materials were melted and then squeezed out by the carbon
shells as spheres onto the top of nanotubes. Applying an
image processing method, the mass of the sphere was
analyzed. The CNT has an external diameter of
approximately 40 nm. The diameter of the final sphere is 54
nm, and the mass of the resulted sphere is 0.6 fg
(femtograms) according to the density of tin (7.31 g/cm?).

We discovered that the threshold current density for the
sphere formation is 20 A/cm’ with the exposure time of
~720 s. Experiments on several other CNTs showed that the
threshold current density varies from 10 to 25 A/cm” related
to their diameters (37-40 nm). The curves for the bubbling
vs. the diameter of the sphere are depicted (Fig. 2(c)), which
shows that with the increase of irradiation energy, the
starting time for the flowing out is shortened. The starting
time varies from 200 to 700 s for the current density from 10
to 25 A/ecm’, and the bubbling time varies from 1900 to
3360s. These variations may be related to the internal
temperature and pressure buildup.

According to the experiments, the EBIB process consists
of two parts, i.e., the melting of the inner metal and the
shrinkage of the carbon shells. The melting was due to the
heating of the tin by the irradiation effects as revealed in
previous study [23]. The contraction of the carbon shells
being observed (Fig. 2(b), 720 to 1440 s) was responsible for
the squeezing out of the sphere from the nanotube shell,
which resulted from controlled electron beam irradiation on
CNTs. The irradiation causes large pressure within the
nanotube cores that can deform and extrude the metals from
the carbon shells [25]. Therefore, the full process of EBIB is
as follows: the rupture of the carbon planes makes defects on
the carbon shells, and then the bubbling occurs at these sites.
The internal pressure buildup is a result of melting, the
thermal expansion of the encapsulated metal, and the
shrinkage of the nanotube shells [25]. All of these causes are
determined by the current density. As a result, the rates of
the nanobubbling and the geometry of the spheres can be
controlled by adjusting the current density.
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As we proposed in our previous simulation study [13], a
pair of such spheres on the pillar nanostructures (Fig. 2(d))
can function as optical antennas. It is known that for
plasmonic structures the surface plasmon (SP) resonances
strongly depend on the shape and size of the structure as
well as the losses from the materials [26]. To justify that the
as-fabricated sphere on pillar pairs can function as optical
antennas, we completed an experiment using the nanorobotic
manipulator holder in the same TEM. Two nanotubes were
positioned close to one another (the inset of Fig. 2(e)) and
spheres were blown out from them using EBIB. Then, the
two spheres were positioned close with a feed gap of 20 nm
(Fig. 2(e)). Electron energy loss spectroscopy (EELS)
technique was applied for in situ characterization of the
resonance performance. The output counts vs. excitation
energy (in eV) curves are drawn in Fig. 2(f). It can be seen
that the volume plasmon (VP) appears at around 11 eV when
the electron probe is placed at the center of the sphere. As
the electron probe is placed close to the surface of a sphere,
the surface plasmon peak becomes dominant around 6 eV
(Fig. 2(f)) (The inset shows the details between 0 - 15 eV).
These energy values correspond to the equivalent photons
with wavelengths between 113 nm and 226 nm. It is evident
that the surface plasmon has a lower energy and thus a larger
wavelength, proving that resonance did occur. The
m@CNTs-based SOP optical nanoantennas added a new
design to the family of optical nanoantennas. Experimentally,
this end-effector on a nanorobotic manipulator can be used
in nanophotonics investigations more readily than the
conventionally near-field optical methods. This is due to the
fact that it is easy to use EBIB to fabricate such devices. The
manipulator attached with m@CNTs-based optical
nanoantennas can be used as SNOM probes, single molecule
detectors, and solar cell antennas to enhance energy
conversion.

III. NANOTUBE FOUNTAIN PEN

The next end-effector we will introduce is the nanotube
fountain pen (NFP). The NFP consists of a reservoir and a
nanotube injector to transport metal atoms onto a conductive
substrate, forming an arbitrary structure. Complex metal
nanostructures from 0D to 3D are realized with a position
servo control. The schematic of NFP is illustrated (Fig. 3(a)),
where a single Cu@CNT was used as the pen tip and
nanotube networks as a reservoir. The STM was used as a
nanorobotic manipulator to manually realize the servo
control. By positioning the tip on a conductive substrate, a
circuit can be established between the two ends of the NFP
to achieve mass delivery. The copper inside the neighboring
CNTs was sucked into the CNT injector under a stable bias
(Fig. 3(b)). It has been estimated from the geometry and the
density of copper that the initial mass inside the nanotube
injector is 1.9 fg, while the deposited mass is 29.0 fg (about
15 times more than the original mass). The extra mass is
attributed to those inside the nanotubes attached to the CNT
injector.
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The current-time (/-f) curve during the continuous mass
delivery is shown in Fig. 3(b). As the bias increases from
zero in increments of 0.1 V, the delivery begins after the
external bias reaches 1.0 V. The initial state (0~300 s)
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Fig.3 NFP (a) The schematic of NFP. By applying a bias, the encapsulated
metal can be continuously flowed out for nanostructure fabrication. (b) I-¢
characterization during the NFP “writing” process. The initial state (0~300)
is defined as “OFF” (external bias: 1.0 V) and the state after the mass
migration starts as “ON” (external bias: 1.5 V). Insets show the initial mass
inside the nanotube injector is 1.9 fg, while the deposited mass is 29.0 fg
(about 15 times more than the original mass). (c) Mass accumulation process.
The mass is accumulated from the neighbor CNTs. (d) The crystalline phase
analysis of as-generated nanowire. Due to the molten state at the connection
between the deposit and the injector, it provides possible to shape the
deposited structures.

exhibits a normal CNT electrical property, with a
conductivity of 30 uS. The degradation process (starting at
300 s) of the resistance occurs as an external bias of 1.5 V is
applied. The sudden increase of the current at 410 s is
attributed to the healing of the carbon shells under higher
voltage bias [27]. In order to prevent the electric breakdown
of the nanotube [28, 29], the current is restricted to 90 pA.
The accumulation of mass from the reservoir takes place
while the current sharply increases. The nanotubes serve as
bridges to transfer the mass from the neighboring CNTs to
the injector and deposit onto the object [7, 30]. A series of
video frames illustrating that the migration begins when the
mass was accumulated on the side wall of the tube close to
the junction site between the nanotube injector and the
network (Fig. 3(c)). A mass of 14 fg was transferred from
the external reservoir.

As the nanowires were written on the object, their shape
was formed immediately due to the excellent thermal
conductivity of the probe that cools down the deposit [31].
Reheating of the cooled-down deposit was not achieved
because the volume of the probe (tip radius: 120 nm, root
radius: 10 um) was much larger than that of the copper
deposit. The probe served as a heat sink with essentially
infinite capacity compared with the copper deposit. A
detailed examination of the crystalline structure of the
generated nanowire can further explain their shaping process
(Fig. 3(d)). At the contact area between the probe and
nanotube (area I), the crystalline phase of the deposited
copper shows a poly-crystalline phase. This is attributable to
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the instant cool-down at the heat sink [31]; the molten mass
is not crystallized enough before it forms the solid state. In
contrast, area II reveals single-crystalline phases since it is
far from the heat sink. Moreover, according to the dark
contrast and the amorphous phase seem in area III. We can
confirm the molten state at this position. Therefore, the
molten state in area III provides opportunity to shape the
final structure by manually positioning the injector.

2]

' ObjectI I Object'

Labab b b

—_

sensing to the manipulator. We attribute this
electromechanical coupling effect to inter-nanoparticle
tunneling. Since tunneling current scales exponentially with
a reduction in inter-nanoparticle separation, the deformation
of the nanotube provides a higher order scaling effect of
conductivity as a function of strain. This makes tunneling
gap embedded m@CNTs as a building block candidate for
the application as high resolution NEMS devices.
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Fig.4 (a) The writing process of the Letter “N”. By manually positioning the molten copper onto the probe can freeze it immediately, and thereby construct
the nanostructure as depicted a stick figure. (b) The writing process of the Letter “L”. (¢) The demonstration of using different sized CNTs to generate
nanostructures. (d) The demonstration of the modulating of deposits by adjusting the position of injector. The original diameter of nanotube is about 47.2

nm; however, the diameter of deposited nanowire is 85.3 nm, which is much larger than the size of nanotube.

Two 3D capital letters, “N” and “L”; were fabricated. By
attaching the tip of the injector to the probe during the mass
flow, the shape of the molten nanowire deposit can be
adjusted, and the letter “N” will be produced eventually (Fig.
4(a)). For the capital letter “L”, the injector was moved

during the mass flow to form the letter (Fig. 4(b)). Moreover,

it is possible to construct a nanoscale composition with
components of different diameters (Fig. 4(c)). Due to the
complexity of using nanotubes with different diameters for
fabrication, we have also investigated using a single
nanotube to fabricate components of different sizes. The
representative demonstration (Fig. 4(d)) shows that the
injector moved back and forth in a small range, trying to
deposit the mass at the same height as much as possible.
Hence, those deposits would melt together and form a
component that is much larger than the original size of the
copper core inside the tube.

As we realized the using of a CNT injector and network
as a NFP and illustrated the practical applications of this
technique in the direct fabrication of nanostructures from 0
to 3D, we can conclude that the NFP is a promising end-
effector to the nanorobotic manipulator, which are of critical
importance to the future nanodevices batch fabrication.

V. M@CNTS—BASED TUNNELING NANOSENSOR

The third end-effector we proposed is a
nanoelectromechanical sensor based on an individual
tunneling gap embedded m@CNT. As illustrated in the
schematic  diagram  (Fig. 1(c)), this end-effector
demonstrates its potential use for both position and force

The quantitatively understand the tunneling effect in a
peapod nanostructure, we modeling the relation between the
inter-particle spacing and the tunneling current. The metal-
insulator-metal (MIM) model is applied here, the
approximate expression for the tunneling current is given by
[32]:
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Fig.5 (a) The schematic of the inter-nanoparticle tunneling without external
bias and with the bias voltage. (b) The tunneling current in a nanowire based
MIM system.
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as shown in the schematic of the inter-nanoparticle tunneling
(Fig. 5(a)), where S is the contact area, §, is the inter-
particle separation, @ is the average barrier height between
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hottest center area [27]. Nevertheless, by further increasing
the voltage to 2.5 V (11 s), the electromigration force will
reinforce and overcomes the thermal force, which dominates
the mass flow from cathode to anode in a singular direction.
We carried out the same experiment on a nanotube attached
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Fig.6 (a) The process shows the electromigration force and thermal gradient force during the mass transportation process. When the bias reached 2.2 V, the
inner mass was separated in the center and transferred to the two ends, formed a “gap”. As the center of the nanotube was presumed to be the high-resistance
point, or “hottest spot,” the thermal gradient force in turn diverted from the center towards the two ends; therefore, the inner mass split process is obviously
attributed to the actuation of temperature gradient force. By further adding the voltage at 0.1 V intervals until the external bias reached 2.5 V, it can be noted
that with the reinforcement of electromigration effect, the mass is transferred from the upper part to the lower part in an average rate of 2.2 ag/s. (b) The mass
flow rate study on a Cu@CNT combined with a network reservoir. The relation between the transferred mass and time inside the tube was given as: m =
0.0168¢ - 0.0681t + 1.9971. Thus, the flow rate was expressed as: dm/dt = 0.0336t - 0.0681, indicate a linearly accessed mass flow. (c) The process of

generating a tunnelling gap by mass transport.

the two electrodes, m is the mass of the electron, h is the
Plank constant, and V is the voltage between the electrodes.
Here we assume the average barrier height @ = 5 eV, then
the Current-Distance (/-6,) relation can be achieved (Fig.
5(b)). As shown in the demonstrated tunneling current curve,
the increasing of the current scales exponentially to the
decrease of the distance (as the distance between two
electrodes decrease from 6.5 A to 0.5 A, the tunneling
current increase from 0.25 nA to 10 nA, 40 times larger than
the original current), which highly suggests a novel sensing
mechanism.

However, since now, there are no methods exist for
reliably preparing a peapod nanostructure. This lack of
control has been seen as the primary block for the realization
of this nanotube-based sensor. Here we propose a gap
fabrication process by using the nanorobotic mass transport,
which enables us to manipulate the mass transport inside the
tube with the thermal migration effect and the
electromigration effect [33]. The setup of the experiment is
similar to the NFP writing process (Fig. 6(a)), we also use
Cu@CNT as starting material. When the external bias
reaches 2.0 V (0 s) (Fig. 6(a)), the dark contrast and the
boiling sign indicate the molten state of the copper wire. As
we slowing down the bias increasing speed by decreasing
the increments to 0.05 mV, the gradual mass migration
could be observed more clearly. As the voltage is increased
to 2.2 V (7 s), the mass in the center suddenly evaporates,
revealing the thermal effect that evaporates the mass in the
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with a reservoir, the process is similar to the previous one;
initially, the mass in the center evaporates and then flows
from the anode to the cathode. The relation between the
transferred mass and time inside the tube is given as: m
0.01687 - 0.0681t + 1.9971 (Fig. 6(b)). Thus, the flow rate
is expressed as: dm/dt = 0.0336t - 0.0681, indicating a linear
mass flow. When the reservoir is attached on the bottom, the
mass from the reservoir could linearly migrate into the
nanotube and fill up gap between the upper and lower
portion. As we detached the electrode contact or suddenly
decrease the bias into 0 V, the mass migration will terminate
and forms a gap between the two parts of copper mass. Since
the mass migration inside the tube is linear, the gap distance
is able to be controlled. Then we can limit the gap distance
down to around 1 nm (Fig. 6(c)).

In this work, the m@CNT with a tunneling gap structure
has been fabricated exhibits a unique tunneling behavior that
is a function of material buckling deformation. As we bend
the nanotube by using the manipulator, both the nanotube
and the inner copper will deform and the inner gap spacing
will decrease down to subnanometer range (Fig. 6(c)). Due
to the tunneling in this range when we apply the bias, current
density j, scales with inter-nanoparticle separation

exponentially, 7, ~e™° . This exponential increase can

further amplify the strain-induced resistance change, and can
provide extremely high sensitivity.
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V. CONCLUSIONS

In summary, we have experimentally investigated three
types of end-effectors that are based on m@CNTs:
m@CNTs-based SOP optical antennas, nanotube fountain
pen, and m@CNT-based tunneling nanosensor. The efforts
to develop these novel end-effectors will open new
possibilities in  micro-nanoelectromechanical — systems
(MEMS/NEMS), creating additional functions  for
nanorobotics and further extending our ability to explore the
world in nanoscale.
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