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In Situ Electron Microscopy Electromechanical
Characterization of a Bistable NEMS Device
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A previously proposed two-terminal carbon-nanotube-based device with

closed-loop feedback is demonstrated through in situ scanning electron
microscopy (SEM) experiments. The pull-in/pull-out tests were carried
out using a multi-walled carbon nanotube (MWCNT) welded to a con-
ductive probe attached to a nanomanipulator. The MWCNTs were canti-
levered over a gold electrode and electrostatically actuated. The measured
current—voltage curves exhibited the theoretically predicted hysteretic
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loop between the pull-in and pull-out processes. Both experiments and
theoretical modeling demonstrated the bistability of the device confirming
its utility in applications such as memory elements, NEMS switches, and
logic devices. Failure mechanisms observed during the pull-in/pull-out

event are also reported and discussed.

1. Introduction

Carbon nanotubes (CNTs) are a type of one-dimension-
al material structure with unique electrical, mechanical, and
chemical properties. Based on the understanding achieved
during the past decade, in relation to their electromechani-
cal properties, manipulation, and growth, these nanostruc-
tures are considered ideal building blocks for nanoelectro-
mechanical systems (NEMS). Some prototype carbon-nano-
tube-based NEMS devices have recently been proven func-
tional, such as nonvolatile random access memory ele-
ments,""! nanotweezers, > tunable oscillators,”! nanorelays,>”
and nanoswitches.[®’]

A two-terminal nanotube-based cantilever device with
feedback control was also recently proposed;'” such a
device is schematically shown in Figure 1. The device con-
sists of a conductive nanotube mounted on a top electrode
as a freestanding cantilever above a bottom -electrode.
When a bias voltage is applied between the nanotube canti-
lever and the bottom electrode, through a circuit containing
a resistor R, the nanotube deflects towards the bottom elec-
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Figure 1. Schematic of a two-terminal nanotube device with feedback
control through the incorporation of the resistor R in the circuit.

trode under the electrostatic force. Equilibrium is achieved
as long as the elastic force from the deflection of the nano-
tube cantilever balances the electrostatic force acting on the
nanotube. However, when the applied voltage exceeds the
so-called “pull-in voltage”, the nanotube loses its stability
and deflects abruptly towards the bottom electrode. When
the gap between the cantilever tip and bottom electrode is
below &~ 1 nm, a tunneling current flows through the circuit.
Due to this current and the presence of the resistor R in the
circuit, the voltage drop across the nanotube tip and the
bottom electrode decreases, leading to a new equilibrium
position. After stabilization, a decrease in applied voltage
results in a current reduction in the circuit. When the volt-
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age drops to a certain value, called the “pull-out voltage”,
the nanotube cantilever is released from the position in con-
tact with the bottom electrode. Thus, the device exhibits
two well-defined stable equilibrium positions and a hysteret-
ic loop®™ in the current-voltage space between the pull-in
and pull-out processes. Applications that can exploit such
device behavior include NEMS switches, random-access
memory elements, and logic devices. In this paper, we ex-
perimentally demonstrate this unique electromechanical be-
havior by means of insitu scanning electron microscopy
(SEM) testing. We also present failure modes observed
during the pull-in/pull-out processes.

2. Results and Discussion
2.1. In Situ SEM Experiments

The insitu SEM testing configuration employed in the
study is schematically shown in Figure 2. The multi-walled
carbon nanotubes (MWCNTs) used in the experiments were
synthesized by chemical vapor deposition'!! (First Nano,
Inc., Ronkonkoma, NY). Transmission electron microscopy
(TEM) images of the nanotubes confirmed their concentric
graphene layered structures. The diameter of the nanotubes
exhibited a distribution in the range of 10-130 nm and their
length varied in the range of 1-20 um. By employing a
three-axes nanomanipulator possessing 1-nm positioning ac-
curacy (Klocke Nanotechnik, Germany), a single carbon
nanotube was welded to the tip of a tungsten manipulator
probe inside a scanning electron microscopy (LEO 1525)
chamber.'"” The welding was performed by electron-beam-
induced deposition (EBID) of Pt or hydrocarbons.*'*! The
probe and MWCNT cantilever were placed parallel to an
electrode consisting of a Si chip, which was coated with a
Au thin film, and attached to
a teflon block (Figure 2). The
Si chip was vertically attach-
ed to the side of a teflon
block and the ensemble
mounted on an SEM sample
holder. The position of the
teflon block with the elec-
trode was carefully adjusted
so that only the edge could
be viewed in the SEM image.
A Keithley 4200 SCS semi-
conductor  characterization
system, with two medium-
power source measurement
units (SMUs) and two
remote preamplifiers, was
connected to the device by
means of an electrical feed-
through mounted on a port
of the SEM chamber.

The system described
above was used for the ac-
quisition of current-voltage figuration after pull-out (U=1 V).
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Figure 2. Schematics of the setup for in situ SEM testing of nanotube
cantilever devices.

(I-U) curves. A resistor (R=0.98 GQ2) was employed in the
measurements. The manipulator probe with the mounted
nanotube cantilever was controlled to approach the elec-
trode until a desired distance (typically 0.5-2 um, depending
on the length and the diameter of the nanotubes) was
reached (see Figure 2). One such experiment, presented in
Figure 3, provides the SEM images of a nanotube cantilever
before voltage was applied, in the pulled-in position, and
after pull-out, respectively (Figure 3 a—c). The measured I-
U characteristic curve during these events is plotted in
Figure 4. In this example, an MWCNT with an outer diame-
ter of 100 nm and a length of 9 um was placed at an angle
of 40° with respect to the electrode surface. A gap of 0.9 um
between the free end of the nanotube and the gold elec-
trode was set (see Figure 3a). A voltage sweep from 0V to

(a)

(b)

Figure 3. SEM images showing the configurations of a nanotube cantilever at different applied voltages:
a) Starting configuration (applied voltage U=0); b) pulled-in configuration (U=30V); c) cantilever con-
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Figure 4. Comparison between experimentally measured and theoret-
ical I-U curves. The pull-in/pull-out processes correlate with the cur-
rent jumps. The arrows show the direction in which the hysteretic
loop is followed during the increase and decrease of the driving volt-
age U.

30V and back to 0 V at rate of 1 Vs~! was applied between
the nanotube and the gold electrode from the Keithley in-
strument. Simultaneously, both the applied voltage and the
current were recorded. At the lower applied voltage, the
measured current was on the order of 0.1 pA, which is the
noise in the circuit, likely the result of current leakage. With
an increase of the applied voltage, the pull-in event occur-
red when U reached 28 V. Correspondingly, as shown in the
I-U plot, there was a significant current jump in the circuit,
from 0.1 pA to about 26 nA. The applied voltage U contin-
ued to increase to 30 V and then decreased back to 0 V. Fig-
ure 3b shows the nanotube cantilever at the pull-in position
when U was kept at 30 V. The pull-out event occurred when
U decreased back to 1 V. Figure 3¢ shows the nanotube can-
tilever configuration after pull-out. During the pull-out
event, the measured current in the circuit jumped from
1.2nA down to the noise level. The measured I-U curve
clearly shows a hysteretic loop consistent with the theoreti-
cal prediction.

2.2. Modeling

The experimental results presented in Section 2.1. were
interpreted by means of the electromechanical analysis de-
scribed in Ref. [10]. The model assumes that the nanotube
is a uniform linear elastic beam and a perfect conductor,
and it takes into account the concentrated charge at the free
end of the cantilever in the evaluation of the electrostatic
and van der Waals distributed forces."*"! Since the in situ
SEM testing configuration shown in Figure 3 had the
MWCNT forming an angle a with the substrate, we per-
formed the electromechanical analysis for the configuration
schematically shown in Figure 5 in which the angle o is
given by a = sin! (221}, If the deformation of the nano-
tube cantilever along its axial direction is neglected, the
governing equation of the deflection w(x) of the nanotube
cantilever is given by!"

d*w
EIW = {Gelec T Gvaw (1)
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Figure 5. Schematic of the in situ SEM testing configuration corre-
sponding to the case shown in Figure 3.

where E is the Young’s modulus of the nanotube, [ is the
moment of inertia of the cross section (for nanotubes,
1 =% (D:, —D},), where D, and D,, are the outer and
inner diameters of the nanotube, respectively), w is the de-
flection of the nanotube cantilever. The quantity g4, is the
van der Waals force per unit length, which can be evaluated
using the approach reported in Ref. [16], while g, is the
electrostatic force per unit length acting on the nanotube,
which can be approximated by the following equation based
on the capacitance model given in Ref. [15]:

e —meyV? 1+f.
elec ™~
\/F(r + Dy )a cosh? (1 + Dz—’[) cos? (a + tan—! (%))

(2)

In the above equation, r is the gap between the nano-
tube and the electrode, &, (8.854x1072 C*N"'m™) is the
permittivity of free space, and f, accounts for the concen-
trated charge at the free end of the nanotube cantilever,
and is given by f. = 0.85 <H2 + D§X2 %}jé(x — Xyjp). O(x) is
the Dirac distribution function and V is the voltage drop
across the gap between the free end of the nanotube and
the electrode. Before the nanotube contacts the electrode,
V=U; when the nanotube is in contact with the electrode,
V can be obtained from an equivalent circuit including the
tip tunneling resistance and the resistance R of the external
resistor, namely:

TR (w) 1) = 1- 3)

where U is the voltage applied from the power supply as
shown in Figure 5, R, is the contact resistance between the
nanotube and the electrode, which is usually a few hundred
ohms,"” and A is a material constant defined by A '=
1.02,/®(eV)A~', with @ being the work function (for
MWCNTs and gold @~5.0 eVI'®)). By solving Equations (1)
and (3) simultaneously, using a numerical integration
method, the I-U characteristics of the device were obtained.

2.3. Comparison between Theoretical Predictions and Ex-

periments

A comparison between the experimental measurements
and the theoretical prediction is shown in Figure 4. The pa-
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rameters used in the simulation include a contact resistance
Ry=500 Q, the length of the tested nanotube L =9 um, and
a Young’s modulus E=1TPa. The distances between the
two ends of the nanotube and gold electrode were obtained
from the SEM images as H,=0.9 ym and H,=6.7 um. The
external diameter of the nanotube, D.,=100 nm, was ob-
tained from a high-magnification SEM image. Assuming
that the wall of the nanotube contains 100 graphite layers
(consistent with our TEM characterization) and an interlay-
er distance of 0.335 nm, the interior diameter of the nano-
tube is estimated as D,;,,=33.67 nm (the number of nano-
tube wall layers is chosen such that the theoretical predic-
tion of the pull-in voltage, 27.8 V, matches the experimental
result, 28 V). Examination of Figure 4 reveals a good agree-
ment between experimental measurement and theoretical
prediction, except for the region where the applied voltage
U decreased back to 5 V and lower. In this region, the devi-
ation between the experimental measurement and theoreti-
cal prediction increases with the decrease of the applied
voltage and becomes substantial at the moment of pull-out.
This deviation implies that the exponential relation between
the resistance of the gap and the gap size employed in the
simulation, based simply on tunneling, may not be accurate
enough. The possible reasons include an increase of contact
resistance due to surface contamination (likely to happen
with hydrocarbons during the imaging process), and the for-
mation of metal-insulator-metal (MIM) junctions at the
point of contact. All these features may change the current—
voltage characteristic of the contact region. Likewise, the
energy released between the nanotube tip and impacted
gold surface is another poorly understood phenomenon,
which has been observed systematically in tip-to-surface dis-
charges recorded in conductive scanning probe microscopy
studies.'”) Further study, in particular, atomistic or multi-
scale modeling of the electrical and mechanical contact be-
tween the nanotube and the electrode should be pursued to
gain insight into these issues.

2.4. Device Failure Modes

The insitu SEM experiments also revealed device fail-
ure modes. One such failure consisted in the lost of tube
material at the free end after each pull-in/pull-out cycle. In
one such experiment, the length of the tube was measured
to drop from 9 to 7.9 um after one pull-in/pull-out cycle,
and from 7.9 to 7.2 um after another cycle. The shortening
of the nanotube translated to the steady increase of the
pull-in voltage even when the tip—substrate gap was adjust-
ed to be constant. This phenomenon was consistently ob-
served during several repeated pull-in/pull-out experiments
on devices with similar geometries, that is, similar tube
length, diameter, and gap with the substrate. Through care-
ful digital-image processing of the SEM images of the nano-
tube at different stages (before test, pull-in, and pull-out),
we identified that the shortening of the nanotube happened
during the pull-in processes. Although similar phenomena
have been mentioned in the literature,”>®! the mechanism is
still not well understood. It is believed that such device fail-
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ure is related to the dynamical behavior of the pull-in pro-
cess. Although failure modes of carbon nanotubes, such as
mechanical fracture?? and electrical breakdown,?>?* have
been investigated intensively, most of the reported results
are in the quasi-static or steady-state regimes and only con-
cerned with a single effect, that is, either mechanical or elec-
trical response. Failure modes of nanotube-based NEMS, in
the context of actual working conditions, remain vastly un-
explored.

To gain insight into the observed failure, we performed
a dynamics analysis to examine the transient response of
the device during the pull-in event. While the detailed mod-
eling of the pull-in dynamics will be presented elsewhere,™!
the relevant findings are reported here. The analysis re-
vealed that in devices with a geometry similar to the one
shown in Figure 3, the speed of the tube free end at the
moment of contacting the electrode can be as high as
200 ms~'. Because of the finite deformation of the nanotube
cantilever, its impact with the electrode generates a strong
elastic compression wave propagating along the nanotube.
Through the dynamic analysis of the device, it was estimat-
ed that a compressive stress as high as 30 GPa was generat-
ed. This compression stress is superimposed to a bending
stress of about an order of magnitude smaller with a maxi-
mum-stress location along the cantilever as a function of
time. One can then conclude that if there is any significant
defect on the body of the nanotube, which is likely unavoid-
able for MWCNTSs, the nanotube would break at some dis-
tance from the impacting end, similar to the breaking of dy-
namically compressed brittle rods.”*?”) The remains of the
nanotube cantilever can then settle in a pull-in position cor-
responding to a shorter tube if the electrostatic and van der
Waals forces are larger than the elastic-restitution force.

The above hypothesis was confirmed by a separate
in situ SEM pull-in experiment, as shown in Figure 6. The
experimental configuration shown in Figure2 was em-
ployed, except for the orientation of the electrode surface,
which was carefully adjusted such that features on the elec-
trode surface could be visualized at grazing incidence with
the electron beam. Figure 6a shows a nanotube (from the
same batch of nanotubes as the one employed in the pull-in/
pull-out test shown in Figure 3) mounted on to a manipula-
tor probe, which was placed parallel to the electrode sur-
face. The length and the diameter of the nanotube were
measured to be 6 um and 80 nm, respectively. The pull-in
event happened when the applied voltage reached 19.2 V.
Figure 6b shows the position of the nanotube cantilever
after pull-in had occurred. It can be clearly seen that part of
the nanotube at the free end was broken and remained at-
tached to the electrode surface. The remaining part of the
tube was still in contact with the electrode. Therefore,
stress-wave-induced fracture appears to be a plausible ex-
planation for the aforementioned shortening of the nano-
tube.

From the above discussion of failure mechanisms, it is
envisioned that failure of nanotube devices can be mini-
mized or even avoided if the device geometry (cantilever
length, diameter, and gap) is optimized and high-quality and
defect-free nanotubes are used. Development of reliable
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Figure 6. SEM images corresponding to an experiment in which the
nanotube cantilever fractured. The device is shown before (a) and
after (b) the pull-in process.

computational tools to design and optimize such nanodevi-
ces is an area that needs further investigation. Although the
task is quite challenging, these are imperative steps to man-
ufacture carbon-nanotube-based functional devices with ad-
equate reliability.

3. Conclusions

In this paper, the functioning of a two-terminal nano-
tube-based nanodevice with a closed-loop feedback control
mechanism was experimentally demonstrated by insitu
SEM testing. An electromechanical analysis was employed
to interpret the experimental current-voltage measure-
ments. Both experimental and theoretical modeling demon-
strated the bistability of the device, which can be employed
advantageously in applications such as memory elements,
NEMS switches, and logic devices. Shortening of the nano-
tube cantilever was observed in the experiments during the
pull-in process. Stress-wave-induced CNT fracture as a
result of mechanical impact during the pull-in event was
proposed to account for such device failure, which was sup-
ported by a separate insitu SEM experiment. The failure
mechanism shows that in order to design reliable NEMS de-
vices, it is imperative to gain a fundamental understanding
of failure modes as a function of configuration parameters.
Ultimately, maps defining regions of robust device opera-
tion need to be developed. Importantly, the insitu SEM
testing methodology reported in this paper is generic, and
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as such it can be advantageously employed to investigate
other types of nanotube- or nanowire-based nanoelectro-
mechanical devices.
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