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An ultrasensitive position/force nanosensor model was constructed and theoretically characterized. This
model is based on a core—shell nanostructure with an inter-segment nanogap embedded, which forms
an alignment-free metal-insulator—-metal (MIM) junction. The occurrence of the tunneling effect enables
the exponential scaling of the change of the displacement or force using tunneling current, which

guarantees an ultrasensitive transduction. The simulation indicates that the combination of proper core
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performance. The simulation results provide instructions for the implementation of such ultrasensitive
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Introduction

It has been 31 years since the invention of the scanning
tunneling microscope (STM), which has incomparable spatial
resolution based on the electron quantum tunneling effect.
However, there have been no other significant applications
wherein the same principle of STM in implemented in high
resolution transducers. An early attempt can be traced back to
the first prototype of the atomic force microscope (AFM), in
which an STM was used as the deflection detector, but it was
soon replaced with the routinely used laser-lever system due to
its large measurement range and readiness for fabrication and
alignment. Herein, we report an alignment-free, nanogap-
embedded nanowire tunneling picoscope model. Compared
with  conventional piezoresistive/piezoelectric-effect-based
nanoscale position/force transducing,>” sensing based on the
tunneling effect could serve the purpose for sub-nanoscale or
even picoscale detection due to its exponential dependence on
barrier height and width. The proposed model has the potential
to serve as an essential foundation for transducers such as pico-
newton force sensors, atto-gram mass flow sensors, and single
molecule detectors.
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even picoscale position/force detection.

Modeling

The model is composed of two parts — a mechanical model to
determine the relation between the displacement/force and the
separation and a tunneling model to obtain the current for the
corresponding change in separation. The models are then
combined to determine the relation between the displacement/
force and the tunneling current. The proposed structure and
separation change with the application of force are schemati-
cally demonstrated (Fig. 1(a)) and an expanded view of the
separation is also illustrated (Fig. 1(b)).

As shown in the schematic of the device (Fig. 1(a)), two
conductive nanowires are placed in a row and wrapped
concentrically by an insulating nanotube. The area between
these two nanowires is a vacuum and the distance is limited to
the sub-nanometer range, thus forming a self-aligned nano-
constriction.*® A dc bias can be applied to the two ends of both
the nanowires, and electrical properties can be measured
simultaneously. As the uniaxial loads are applied to the
compound concentric nanocylinder from the two ends, the
column will remain in equilibrium when the load is smaller
than the critical load, F.,,' and the elastic deformation along
the nanowire will cause a decrease in the inter-nanorod sepa-
ration due to compression. Furthermore, under a force stronger
than or equal to the critical load, the column will ultimately
buckle and the inner conductive nanorods are deflected
accordingly. This is shown in the red box of Fig. 1(a) and
a detailed schematic is shown in Fig. 1(b), because the cross-
section of the embedded nanorods will rotate accordingly
when the nanowire is bent or released. The distance between
two corners is then shrunk or expended via the change of
external force/strain. The buckle modeling of the proposed
architecture is performed using the Timoshenko model.
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(a)

Fig.1 Schematic of the internal tunneling nanostructure. (a) Proposed
structure and the decrease in separation as the nanowire is subjected
to external buckling force. E; and E; are the Young's modulus of the
insulating and metallic regions, respectively; dq is the initial separation
between the metallic regions; ¢ is the separation between the lower
edges, § is the angle of rotation of the plane of the metallic region and
ais the terminal deflection angle under the action of force; D and d are
the outer and inner diameters of the core—shell structure. (b) An
expanded schematic for the geometric analysis to obtain relation
between separation and angle of rotation.

In the model, the critical force F.., which is also known as the
Euler force, is defined as the axial force that is sufficient to keep
the column slightly bent. This can be expressed as™

T\ 2
Fa= (7) (ED),, ®
where
_ _ ’TtEl (D4 — d4) ’TCEzd4
(El), = E\I, + Eoly = o e )

l is the chord length of the buckled beam, E,/E, is the Young's
modulus of the external/internal nanowire, and D/d is the
diameters of the external/inner nanowire. ds represents the
differential length of the beam (Fig. 1(a)), then the expression of
the length of the deformed beam can be given by*?

! a
(EI) a9
I=1]ds= S , 3
,[0 : L \/ 2F \/cos § — cos a 3)

where 6 is the angle at the differential segment ds, « is the angle
at the terminal of the beam, and F is the magnitude of the
F

buckling  force. If we define k*= ,/-—— and
(ED),
z sing
K(p) = 2d—d)p:sing7 & =sin™! 2|, and
Jo /1 —p?sin® @ 2
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« defines ¢ changing from 0 — «, which symbolizes the varia-
tion of the terminal angle «, then eqn (3) can be reduced to

K(p)
1= 22 @)

In order to determine the curve of the deformed beam, the
coordinates of a differential segment on the deformed axis are
given by

dx; = dscos (5)
and
dy; = ds sin 6. (6)

Therefore,

0 0 cos 6dé
x,-:J ds 0030:J
0 0 V2k*\/cos 8 — cos a

1| ? ®
SR (N e o g
0 04 /1—p?sin® @

Moreover, because the incomplete elliptic integral of the first
type is given by

(7)

F(@,p) = j ao

04 /1—p?sin® @

and the incomplete elliptic integral of second type is*
D
E(®,p) = J \/1—p?sin® @ do,
0

then eqn (7) becomes

/
%= X0 2E(®,p) — F(@,p)], (8)
and in the same way,
= gy (1 = cos o). ©

Herein, since the parameters p, @, K(p), E(®,p) and F(®,p) are
all correlated to the terminal buckling angle «, the buckling
curves (which are symbolized by a series of coordinated points
x; and y,) can be plotted according to different values of . The
normalized deformed axes <%%> correspond to the terminal
angles of & = 20°, 40°, and 60° (Fig. 2(a)).

The buckling of the nanowire induces the deflection of the
embedded rods, which in turn modulates the inter-nanorod
separation and forms a variable tunneling barrier. The

spacing, ¢, (Fig. 1(b)) is given by
6 =2x;—dsin 6, (10)

where x; is the coordinate of the point of interest on the
deformed axis corresponding to the terminal angle, «;, and

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Normalized deformed axes of the nanowire corresponding
to terminal angles of a = 20°, 40°, and 60°. (b) Strain-gap separation
characterization obtained from the nanowire with the different initial
width of 0.8 nm. (c) Potential profile of the metal-insulator—-metal
junction under the application of a low bias, V. g is the average barrier
height. Er and W are the Fermi energy and the work function of the
conductive material, respectively.

. . (0 6
sin § = 2 sin (5) cos (5), (11)

sin <§> =psin @ (12)

where

and

sin @ = sn(u), (13)

where sn() is a Jacobi elliptic function, and u = K(p) (x—lo)

Herein, the nominal strain, ¢, is defined as Al/l, which is
given by

e:A—l:ZX[l— E(qu)} (14)

As we substitute eqn (8) and (11-14) into (10), the relation
between the separation, d, and strain, ¢, is found as
_ L F(2,p)

67K7(P)(1—8)

—2apskp) ()] 1-rsw[ke) ()] a9)

The strain-gap separation characterizations are obtained
from nanowires with the initial width of 6, = 0.8 nm (Fig. 2(b)).
The curve illustrates a separation decrease tendency corre-
sponding to the increase of strain, which confirms that the gap
width can be modulated by simple buckling. Since the gap
geometry caused by a specific strain is distinguishable, in
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principle, each gap is electrically unique at different strain
status. This provides the potential to use the unique electrical
performance to indicate the dynamics of the displacement.

Moreover, from expression (4) and (10), we can also obtain
the relation between the separation and force:

0= 2X0 —d <17S \/gl — 8) sin(\/gx0> . (16)

Since the gap distance between each of the two nanorods is
within the sub-nanometer range, and the nanowire schematic
forms a unique metal-insulator-metal (MIM) architecture, the
electron tunneling effect could be addressed.**'* As we apply
the MIM tunneling model here, the approximate expression of
the tunneling current density is given by

where m is the mass of the electron, 4 is the Plank constant, Vis
the voltage applied between the two electrodes, and @ is the
average barrier height between the two electrodes. Then, the
potential profile of an MIM junction under a low bias is
demonstrated (Fig. 2(c)). The average barrier height is given by

— eV . . .
O = Wy — R where Wy is the work function of the inner

conductive material. Substituting eqn (15) or (16) into (17) gives
the tunneling current vs. displacement/force relation.

Result and discussion

Our simulation results have demonstrated the initiation of the
tunneling current by the proposed concentric nanostructure.
The influence of the external/inner-wire diameter (D/d), initial
gap separation (d,), nanowire length (L), and material work
function (Wg) on the tunneling current under different
displacement situations is demonstrated (Fig. 3(a)-(d)). The
simulation results indicate the exponential correspondence of
the tunneling current to the geometric or electrical properties
changes, which indicates the potential of using the proposed
nanostructure as a displacement nanosensor.

The force-current curve is also numerically obtained (Fig. 4).
It is evident that the maximum current change occurs during
the initial stages of buckling, which results in an enormous

s Al 1 e . .
sensitivity <E> of about 6.5 nA nN~" (Fig. 4, inset (ii)) and

implies a current increase of 65 pA for every 10 pN increase in
force value. This reflects a higher resolution in force sensing as
compared to that which works only for a transverse bending
force.” For the inter-segment structure, in addition to axial
force, separation change can also be effected by a transverse
force. Versatility in sensing is therefore implicit. Although the
sensitivity for this structure is found to have a non-linear curve,
a specific region can be selected from the force range depending
on the application, and the corresponding sensitivity variation
could be linearized. The closed form expression (15) also
provides an explanation for the non-zero initial force and the

RSC Adv., 2016, 6, 8297-8302 | 8299
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Fig. 3 Simulation results (a) influence of nanorod diameter, d, on tunneling current density. D = 50 m and d ranges from 1 to 40 nm. (b) Influence
of initial separation, 6o, on tunneling current density. 6o ranges from 0.7 to 0.8 nm. (c) Influence of nanowire length, [, on tunneling current
density. [ ranges from 200 to 1200 nm. (d) Influence of work function, W, on tunneling current density. Wr ranges from 4 to 5 eV.

extent of the decrease in separation. The initial force is non-zero
because ¢ equals the initial value §, when
2

- T;—lf’ —F, (18)
which is referred to as the critical force,’*™® i.e. the minimum
force required to induce buckling and hence cause a change in
separation. Since the current enhancement needs to be
pronounced, a greater reduction in separation is required. For
the same nanowire, this can be achieved by reducing the length
while keeping all the other parameters fixed. The effect of
reducing the length to one-fourth of its original value is shown
in Fig. 5. The reduction in separation is from 1 to 0.92 nm as

75 T T -
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e
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Fig. 4 Current vs. force. Insert, (i) current vs. force (ii) sensitivity vs.
force.
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compared to the reduction from 1 to 0.98 nm for the initial case
(Fig. 4, insert (i)). This can also be easily understood from (16) -
a smaller length implies greater critical force hence much larger
force values are required to cause the same deflection thereby
resulting in a much greater reduction in the separation.
Simulations were also carried out for different inner and
outer diameters in order to understand their effect on force
sensitivity. The current density—force plot for a fixed outer
diameter (D = 20 nm) and different inner diameters (d = 7, 7.5
and 8 nm) are shown in Fig. 6(a). An interesting crossover
region is also evident (Fig. 6(a), inset (i)). Also shown is the
corresponding separation-force plot (Fig. 6(a), inset (ii)). The

° o ©
© © ©
& o)} ®

Separation (nm) --->

4
©
N

0950 200 220 240 260
Force (nN) --->

Fig. 5 Greater reduction in separation with a simultaneous shift in the
critical force and increased force range compared to the result in
Fig. 4, inset (i).
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cross over region is a result of the combined flexural rigidity, as
in expression (2).

Below the crossover point, the increase in current density is
found to be greater for the structure with a smaller inner
diameter (Fig. 6, inset (i)), which seems surprising since the
opposite effect is expected based on expression (1). However,
this can be understood in terms of the critical force in expres-
sion (18), which is smaller for a smaller inner diameter (due to
the reduced combined flexural rigidity). Beyond the crossover
point, the bigger inner diameter structure causes a greater
increase in current, which is understood from expression (1).
The effect of varying both inner and outer diameters is revealed
in the surface plot shown in Fig. 6(b). From this figure, it is
evident that the structure with smaller inner and outer diame-
ters has the maximum sensitivity. This can be understood from
the previous discussions. Analysis of the current-force and the
sensitivity relations for a small difference in inner diameter
dimensions is significant when an array of these structures is
used for collective sensing. As shown, a difference of even 0.5
nm has a tremendous effect on sensitivity and could therefore
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Fig. 6 (a) Current density—force variation for a fixed outer diameter, D,
and different inner diameters, d, insert (i) expanded crossover region,
(i) corresponding separation—force variation. (b) Surface plot showing
variation of maximum sensitivity for different inner and outer diame-
ters for the shell-core structure.
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result in measurement errors, which can be understood from
this model.

Future work

The simulation results indicate the exponential correspondence
of the tunneling current to the geometric or electrical property
changes of the concentric nanowire. Among them, the change
in the initial gap separation and work function of the core
materials show a remarkable influence on the tunneling. This
information is important for the implementation of the
nanowire-based ultrasensitive displacement/force sensor.

In future studies, we plan to synthesize a type of peapod
nanostructure based on a boron carbide (B,C) nanowire,"
which is encapsulated with a conductive nickel compound
nanorod. The distance between each nanorod could be
restricted to be smaller than 1 nm, which forms an alignment-
free tunneling junction. By applying the TEM nano-
manipulator,®*~® we can select a single nanowire for the in situ
characterization of its electromechanical properties. Then, the
tunneling performance in such proposed inter-segment nano-
structure could be studied both theoretically and practically.

Conclusions

In summary, we carried out the modeling and simulation of an
ultrasensitive displacement/force nano-transducer based on
a nanogap-involved concentric nanostructure. The simulation
results indicate that the tunneling performance could be tuned
via geometric or electrical property changes in the nanowire,
especially the core materials and initial gas distance. As a result,
by using a combination of carefully chosen core materials and
optimized design of the nanostructure, the tunneling perfor-
mance could be highly enhanced, which in turn improves the
sensitivity of such nanowire-based tunneling sensors. The
theoretical study provides instructions for the implementation
of such nanowire-based sensors. Based on the proposed nano-
wire architecture as well as the characterization techniques,
a nanowire-based inter-segment displace/force nanosensor will
be soon realized.
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