Chapter 11

Nanoscale Testing of One-Dimensional
Nanostructures

B. Peng, Y.G. Sun, Y. Zhu, H.-H. Wang, and H.D. Espinosa

11.1 Introduction

The emergence of numerous nanoscale materials and structures such as nanowires
(NWs), nanorods, nanotubes, and nanobelts of various materials in the past decade
has prompted a need for methods to characterize their unique mechanical properties.
These one-dimensional (1D) nanostructures possess superior mechanical properties
[1,2]; hence, applications of these structures ranging from nanoelectromechanical
systems (NEMS) [3] to nanocomposites [4] are envisioned.

Two overarching questions have spurred the development of nanomechanical
testing techniques and the modeling of materials behavior at the nanoscale: how
superior is material behavior at the nanoscale as compared to its bulk counterpart,
and what are the underlying mechanisms that dictate this? Due to the limited num-
ber of atoms present in these nanostructures, they provide an excellent opportunity
to couple experimentation and atomistic modeling on a one-to-one basis. This ap-
proach has the potential to greatly advance our understanding of material deforma-
tion and failure, as well as to validate the various assumptions employed in mul-
tiscale models proposed.in. the literature. A large number of atomistic simulations
have been performed to predict nanostructure properties and reveal their deforma-
tion mechanisms [2]. However, due to the minute scale of these nanostructures, it
has proven quite challenging to conduct well-instrumented mechanical testing and
validate computational predictions.

Earlier nanomechanical testing techniques include thermally- or electrically
induced, vibration of cantilevered nanostructures inside a transmission electron
microscope (TEM) [5, 6]; lateral bending of suspended nanostructures using an
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atomic force microscope (AFM) [7, 8]; radial compression, by means of atomic
force microscopy (AFM) probes, or nanoindentation of nanostructures on sub-
strates [9, 10]; and tensile testing of freestanding nanostructures between two AFM
cantilevers within a scanning electron microscope (SEM) [11]. Despite the exciting
progress achieved by these methods, they are in general not well controlled in terms
of loading, boundary conditions, and force—displacement measurements. In some
instances, the nanostructure properties must be inferred from assumed-models of
the experimental setup.

Recent advances in mechanical characterization of thin films have been remark-
able and provide good insight for the testing of nanostructures. Among numerous
techniques, two categories are particularly fascinating: in situ testing and on-chip
testing. In situ testing provides a powerful means to obtain the deformation field
and to observe the deformation mechanisms though real-time imaging, for example,
by SEM. The SEM chamber is large enough to accommodate a microscale testing
setup, and has been used for in situ tensile testing [ 12;13]. Another example of in situ
testing involves an AFM to record the surface profile during a tensile test [14]. TEM
is ideal for in situ testing since it provides direct evidence of the defects nucleation
and reaction. Although most in situ TEM setups do not measure or control stresses
in the specimen [15, 16], Haque and Saif recently incorporated a load sensor in the
TEM [17,18]. An on-chip testing system consists of micromachined elements, such
as comb-drive actuators and force (load) sensors that can be integrated on a chip.
One of the early attempts used electrostatic.actuation and sensing for fatigue testing
of silicon cantilever beams [19]. Osterberg and Senturia used electrostatic actuation
for chip-level testing of cantilever beams; fixed—fixed beams, and clamped circular
diaphragms to extract material properties [20]. Kahn et al. [21] used electrostatic
actuators integrated with microfracture specimens to study fracture properties of
polysilicon films. Owing to the capability of generating and measuring small-scale
forces and displacements with high resolution, on-chip testing has the potential to
impact the small-scale testing field profoundly. Note that these two concepts, in situ
and on-chip, are related but different. On-chip testing can be performed in situ or
ex situ. In situ testing does not necessarily utilize an on-chip device. But due to the
small size of on-chip devices and integrated loading and force sensing capabilities,
they conveniently facilitate in situ testing.

In this chapter, the nanomechanical characterization of 1D nanostructures is re-
viewed. In Sect. 11.2, we summarize the challenges for mechanical characterization
of 1D nanostructures. In Sect. 11.3, an overview of the existing experimental tech-
niques is presented. In Sect. 11.4, a newly developed nanoscale material testing
system for characterizing nanostructures is described in detail. In Sect. 11.5, some
experimental results[22,23] are summarized with emphasis on the in situ electrome-
chanical testing of nanostructures, which complements our nanomechanical testing.



11 Nanoscale Testing of One-Dimensional Nanostructures 289

11.2 Challenges for Mechanical Characterization
of 1D Nanostructures

The proper measurement of loads and displacements applied to 1D nanostructures,
such as NWs and CNTs, is extremely challenging because of the miniscule size.
Earlier studies on mechanical properties of nanostructures focused on theoretical
analyses and numerical simulations [2, 24]. Owing to advancement in various mi-
croscopic techniques, nanoscale experimental tools have been developed to exploit
the capabilities of high-resolution microscopes. Major challenges in the experimen-
tal study of 1D nanostructures include (1) constructing appropriate tools to manipu-
late and position specimens; (2) applying and measuring forces with nano-Newton
resolution; and (3) measuring local mechanical deformation with subnanometer
resolution.

11.2.1 Manipulation and Positioning

The first important step in testing is to manipulate and position the nanostructures
at the desired location with nanometer resolution. For tensile testing, this becomes
even more challenging, as the specimens must be freestanding and clamped at both
ends. Furthermore, they should be well-aligned with the tensile direction. In the
following section, we review the available methods to mount the specimens meeting
the requirements for the tensile tests.

11.2.1.1 Random Dispersion

After purification, a small aliquot of the nanostructure suspension is dropped onto
the gap between two surfaces. By random distribution, some of the nanostruc-
tures are suspended across the gap with random orientation. After an appropriate
nanostructure is identified, a technique called electron-beam-induced deposition
(EBID) is then used to. fix the two ends. This is done by depositing foreign ma-
terials [11], such asresidual carbon in an SEM chamber or external precursors, such
as trimethylcyclopentadienyl-platinum (CH3)3CH3CsH4Pt). Random dispersion is
the simplest method for most of the mechanical testing experiments to date, but it is
only modestly effective.

11.2.1.2 Nanomanipulation
AFM can beused to both image and manipulate carbon nanotubes. A “NanoManip-

ulator” AFM system, comprising an advanced visual interface for manual control
of the AFM tip and tactile presentation of the AFM data, has been developed [25].
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In addition, Veeco Instruments (Woodbury, New York) developed the “NanoMan”
system for high-resolution imaging, high-definition nanolithography, and direct
nanoscale in-plane manipulation.

Electron microscopy provides the imaging capability for manipulation of nanos-
tructures with nanometer resolution. Various nanomanipulators working under ei-
ther SEM [11,26] or TEM [6, 27] have been developed. These manipulators are
generally composed of both a coarse micrometer-resolution translation-stage and a
fine nanometer-resolution translation stage, the latter being based on piezo-driven
mechanisms. These manipulators typically have three linear degrees of freedom,
and some even have rotational capabilities.

11.2.1.3 External Field Alignment

DC and AC/DC electric fields have been used for the alignment of nanowires [28],
nanotubes [29], and bioparticles [30]. Microfabricated electrodes in close proximity
are typically used to create an electric field in the gap between them. A droplet con-
taining nanostructures in suspension is dispensed into the gap with a micropipette.
The applied electric field aligns the nanostructures, due to the dielectrophoretic
effect, which results in the bridging of the electrodes by a single nanostructure.
Electric circuits may be used to ensure the manipulation of one single nanostructure
by immediately switching off the field upon bridging (i.e., shorting of the elec-
trodes) [30].

Huang et al. [31] demonstrated another method for aligning nanowires. A laminar
flow was employed to achieve preferential orientation of nanowires on chemically
patterned surfaces. Magnetic fields have-also been used to align carbon nano-
tubes [32].

11.2.1.4 Directed Self-Assembly

Self-assembly is a method-of constructing nanostructures by forming stable bonds
between the organic or nonorganic molecules and substrates. Rao and colleagues
[33] reported an approach.in-large scale assembly of carbon nanotubes with high
throughput. Dip Pen Nanolithography (DPN) [34] was employed to functional-
ize the specific surface regions either with polar chemical groups such as amino
—NH,/ — NHj or carboxyl (—COOH/ — COO™), or with nonpolar groups such as
methyl (—CH3). When the substrate with functionalized surfaces was dipped into
a liquid suspension.of carbon nanotubes, the nanotubes were attracted toward the
polar regions and the tubes self-assembled to form predesigned structures, usually
within 10 s, with a yield higher than 90%. This method is scalable to large arrays of
nanotube devices by using high-throughput patterning methods such as photolithog-
raphy, stamping, or massively parallel DPN.
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11.2.1.5 Direct Growth

Rather than manipulating and aligning nanostructures postsynthesis, researchers
also examined methods for controlled direct growth. Dai and co-workers [35, 36]
reported several patterned growth approaches for CNTs. The idea is to pattern the
catalyst in an arrayed fashion and control the growth of CNTs between specific
catalytic sites. He et al. [37] recently succeeded in direct growth of Sirnanowires
between two preexisting single-crystal Si microelectrodes with <111> sidewalls.
Si catalysts are deposited on the sidewalls of the electrodes and epitaxially grown
perpendicularly to the <111> surfaces.

Direct growth is a very promising method to prepare specimens for nanome-
chanical characterization. It does not involve the nano-welding steps using EBID
technique, which is advantageous because EBID brings foreign materials, e.g., car-
bon and platinum, onto the surface of nanostructures, which might cause some sec-
ondary effects on the property measurement. In addition, itis a rapid process, which
does not require tedious manual nanomanipulation.

11.2.2 High Resolution Displacement and Force Measurements

SEM, TEM, and AFM have been widely used in characterizing nanostructures. These
instruments provide effective ways of measuring dimensions and deformations with
nanometer resolution. Electron microscopy uses high-energy electron beams for
scattering (SEM) and diffraction (TEM). A field emission gun SEM has a resolution
of about 1 nm and the TEM is capable of achieving a point-to-point resolution of
0.1-0.2 nm. The resolution of SEM is limited by the interaction volume between
the electron beam and the sample surface. The resolution of TEM is limited by the
spread in energy of the electron beam and the quality of the microscope optics.

Commercial force sensors usually ‘cannot reach nano-Newton resolution. There-
fore, AFM cantilevers haye been effectively employed as force sensors [11, 38],
provided that their spring.constant has been accurately calibrated. Alternatively, mi-
croelectromechanical systems (MEMS) offer the capability to measure force with
nano-Newton resolution. This MEMS-based methodology will be further discussed
in Sect. 11.4.

11.3 Nanomechanical Testing of 1D Nanostructures

To/date, the experimental techniques employed in the mechanical testing of 1D
nanostructures'can be roughly grouped into three major categories: dynamic vibra-
tion, bending, and tensile testing.



292 B. Peng et al.

11.3.1 Dynamic Vibration

Treacy et al. [5] estimated the Young’s modulus of MWNTSs by measuring the am-
plitude of their thermal vibrations during in situ TEM imaging. The nanotubes were
attached to the edge of a hole in 3-mm-diameter nickel rings for TEM observation,
with one end clamped and the other free. The TEM images were blurred at the free
ends, and the blurring was significantly increased with the temperature increase of
the CNTs. This indicated that the vibration was of thermal origin. Blurring occurs
because the vibration cycle is much shorter than the integration time needed for cap-
turing the TEM image. The Young’s modulus was estimated from the envelope of
the thermal vibration.

Poncharal et al. [6] measured the Young’s modulus of MWNTs by inducing me-
chanical resonance. The actuation was achieved utilizing an AC electrostatic field
within a TEM (Fig. 11.1a). In the experiment, the nanotubes were attached to a fine
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Fig. 11:1 Techniques for mechanical characterization of nanostructures. (a) Dynamic responses
of an individual. CNT to alternate applied potentials, (leff) absence of a potential, and (right) at
fundamental mode. Reprinted with permission from Poncharal et al., Science 283, 1513 (1999).
©1999, American Association for the Advancement of Science. (b) A CNT with one end clamped
is deflected by an AFM in lateral force mode. Reprinted with permission from Wong et al., Science
2717, 1971 (1997). © 1997, American Association for the Advancement of Science. (¢) An individ-
ual MWNT mounted between two opposing AFM tips and stretched uniaxially by moving one tip.
Reprinted with permission from Yu et al., Science 287, 637 (2000). © 2000, American Association
for the Advancement of Science
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gold wire, on which a potential was applied. In order to precisely position the wire
near the grounded electrode, a special TEM holder with a piezo-driven translation
stage and a micrometer-resolution translation stage were used. Application of an AC
voltage to the nanotubes caused a time-dependent deflection. The elastic modulus
was then estimated from the observed resonance frequencies.

11.3.2 Bending Test

Wong et al. [8] measured the Young’s modulus, strength and toughness of MWNTSs
and SiC nanorods using an AFM in lateral force mode (Fig. 11.1b). The nanos-
tructures were dispersed randomly on a flat surface and pinned to the substrate by
means of microfabricated patches. AFM was then used to bend. the cantilevered
nanostructures transversely. At a certain location along the length of each structure,
the force vs. deflection (F—d) curve was recorded to obtain the spring constant
of the system. Multiple F—d curves were recorded at various locations along the
structure. By considering the nanostructure as a beam, the F—d data were used to
estimate the Young’s modulus.

Bending of nanostructures resting on a substrate is straightforward to implement.
Nevertheless, it cannot eliminate the effect of adhesion and friction from the
substrate. To solve the friction issue, Walters /et al. [7] suspended the nanotube
over a microfabricated trench and bent the nanotube using AFM lateral force mode.
Salvetat et al. [38] introduced a similar method by dispersing MWNTSs on an alu-
mina ultrafiltration membrane with 200nm pores. The adhesion between the nan-
otubes and the membrane was found sufficiently strong to fix the two ends. Using
AFM in contact mode, the authors-deflected the suspended NTs vertically and
measured F'—d curves.

11.3.3 Tensile Test

Pan et al. [39] used a stress-strain rig to pull a very long (~2mm) MWNT rope
containing tens of thousands of parallel tubes. Yu et al. [11] conducted in situ SEM
tensile testing of MWNTSs with the aid of a nanomanipulator (Fig. 11.1c). A single
nanotube was clamped toithe AFM tips by localized EBID of carbonaceous material
inside the SEM chamber. The experimental setup consisted of three components: a
soft AFM probe (force constant less than 0.1 N m~ ') as a load sensor, a rigid AFM
probe as an actuator, which was driven by a linear motor, and the nanotubes mounted
between the two AFEM tips. Following the motion of the rigid cantilever, the soft can-
tilever was bent due to the tensile load, equal to the force applied on the nanotube.
The nanotube deformation was recorded by SEM imaging, and the force was mea-
sured by recording the deflection of the soft cantilever. The Young’s modulus and
failure strength of the MWNTSs was then obtained using the acquired data.
Although significant progress has been made, the mechanical testing of nanos-
tructures is still quite rudimental. This is mainly due to the lack of control in
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experimental conditions and the lack of accuracy in force and displacement mea-
surements. Recent advances in thin film characterization have been remarkable,
which have provided some guidance for nanostructure characterization.

11.4 A MEMS-Based Material Testing Stage

MEMS lend themselves naturally to material testing at the nanoscale. These systems
consist of a combination of micromachined elements, including strain sensors and
actuators, integrated on a single chip. Due to their intermediate size, MEMS serve
as an excellent interface between the macro- and nanoworlds. Their extremely fine
force and displacement resolution allows accurate measurement and transduction
of forces and displacements relevant at the nanometer scale. At the same time, the
larger feature sizes and signal levels of MEMS allow handling and addressing by
macroscale tools. Furthermore, many of the sensing and actuation schemes are em-
ployed in MEMS scale favorably. For example, the time response, sensitivity, and
power consumption of electrostatic displacement sensors improve as their dimen-
sions shrink.

Electrostatic comb-drive actuators are often used in MEMS-based testing sys-
tems to apply time-dependent forces. van Arsdell-and Brown [19] repeatedly
stressed a micrometer-scale specimen in bending using a comb-drive actuator fixed
to one end of the specimen. This comb-drive actuator swept in an arc-like motion
while the opposite end of the specimen was. fixed, causing bending stresses in the
specimen. The comb-drive was also used to measure displacement, and collect
fracture and fatigue data while testing to the point of failure. Kahn et al. [20, 21]
determined fracture toughness by controlling crack propagation in a notched spec-
imen using a comb-drive. One end of the specimen was fixed while the other was
attached to a perpendicularly oriented comb-drive.

Electrothermal actuation schemes have also been used to apply loading [22,23]. In
these actuators, Joule heating induces localized thermal expansion of regions in the
actuators and anoverall displacement. Theresulting strains are often measured using an
integrated capacitive sensor.and may be verified through digital image correlation.

This section presents a detailed description of the design and modeling of a
MEMS-based material testing system [24] for in situ electron microscopy mechani-
cal testing of nanostructures. The device allows for continuous observation of spec-
imen deformation and failure with subnanometer resolution by SEM or TEM while
simultaneously measuring the applied load electronically with nano-Newton reso-
lution. First, an analytical model of the thermal actuator used to apply tensile load-
ing is analyzed. It includes an electrothermal analysis to determine the temperature
distribution in.the actuator, followed by a thermomechanical analysis to determine
the resulting displacement. A coupled-field finite element analysis compliments the
analytical model. Next, the differential capacitive load sensor is analyzed to deter-
mine the output voltage for a given displacement. Finally, a set of design criteria
are established based on the analysis as guidelines for design of similar devices. In
Sect. 11.5, experimental results using the device are described.
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11.4.1 Device Description

The MEMS-based material testing system described here has previously been re-
ported in detail [22,23,40]. For the purpose of this chapter, a brief review of the
device is presented so that the following experimental results and the way in which
they were obtained can be more clearly understood. The device consists of three
parts: an actuator, a load sensor, and a gap between them for placement of nanostruc-
tures, as shown in Fig. 11.2. The devices were fabricated at MEMSCAP (Durham,
NC) using the Multi-User MEMS Processes (MUMPs). Two types.of actuators, an
electrostatic (comb-drive) actuator [19-21] and an electrothermal actuator [41,42]
were used to apply time-dependent forces or displacements, respectively. The load
sensor operates on the basis of differential capacitive sensing [22,23,40]. The sensor
displacement is determined by the measured change in‘capacitance. This displace-
ment is used to compute the applied force based on the known stiffness of the sensor.
The design of the actuator and load sensor is described later in detail.

Figure 11.2a shows the entire device with a thermal actuator, load sensor, and
space to position the specimen. The electrothermal actuator acts as a “displacement-
controlled actuator” in the sense that it applies a prescribed displacement to the
specimen regardless of the force required to achieve this displacement (within the
functional range of the device). The load sensor is suspended on a set of folded
beams of known stiffness and measures the corresponding tensile force applied to
the specimen. Figure 11.2b shows an alternative loading stage using an electrostatic
rather than a thermal actuator. The electrostatic actuator works as a “force controlled
actuator,” applying a prescribed force regardless of the resulting displacement (again
within a functional range).

The electrothermal actuator has the capability of testing stiff structures, e.g.,
nanoscale thin films and large diameter NWs, while the comb-drive actuator is
better-suited for relatively compliant structures. Both the electrothermal and elec-
trostatic actuators can be readily made using standard microfabrication techniques.
The remainder of this section focuses on using the electrothermal actuator as a case
study from the perspective of'its design, modeling, and integration with the rest of

Fig. 11.2 Two variations of the MEMS-based material testing stage. (a) “Displacement-
controlled” device using a thermal actuator and differential capacitive load sensor. (b) “Force-
controlled” device using an electrostatic comb-drive actuator and differential capacitive load sensor
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the device. Electrostatic actuators have been thoroughly described elsewhere in the
literature [43-45].

In this design for in situ SEM testing, 20 devices with different types of actuators
and load sensors are arranged on a 10 x 10mm? chip. To make electrical con-
nection, there are 100 gold pads fabricated around the periphery of the chip. The
chip is glued to the cavity of a ceramic pin grid array package, and the gold pads
are wire-bonded to the 100 leads around the cavity as shown in Fig.-11.3a. The
corresponding pins in the back of the package make the electric connection to a
printed circuit board, which in turn is connected to electronic actuation and. measur-
ing instrumentation.

At this size scale, the changes in capacitance of the load sensor are on the or-
der of femtofarads, which is quite challenging to measure. Fortunately, a method
to measure charge that mitigates the effect of parasitic capacitance has been devel-
oped by the MEMS community [46,47]. A commercially available integrated cir-
cuit based on this method, Universal Capacitive Readout MS3110 (MicroSensors,
Costa Mesa, CA), is used here. The MEMS device chip is positioned close to the

b

Fig. 11.3 (a) Experimental setup for in situ SEM testing. The MEMS device chip is positioned
near the MS3110 chip on a printed circuit board. The setup is connected to a power supply, a
digital multimeter, and a computer outside the SEM by means of a chamber feedthrough. (b) The
upper image shows the In situ TEM holder containing a feedthrough, the lower one shows the
magnified view of the eight electric contact pads [36] along with a 5 x 10mm MEMS chip. In an
actual experiment, the MEMS chip is flipped, placed in the TEM holder, and fixed by the left and
right clamps
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integrated sensing chip on the circuit board to minimize amplified electromagnetic
interference (Fig. 11.3a). The output voltage of the integrated circuit is proportional
to the capacitance change.

In addition to the in situ SEM measurements reported here, this device has the
potential to impact other nanoscale characterization techniques. For instance, in
situ TEM testing of nanostructures is possible with the addition of a microfabri-
cated window beneath specimen gap to allow the imaging beam to pass.through the
device substrate. The major challenge here is to etch the window, from the back
of the silicon wafer, without damaging the previously fabricated structures. This
was accomplished by deep reactive ion etching of the window before releasing the
devices [22,23]. Figure 11.3b shows a MEMS chip (5 x 10mm) containing four
MEMS devices. The two devices in the center are used for in situ TEM testing,
while the other two devices are used for calibration purposes. The chip has eight
contact pads for electrical actuation/sensing. The chip is designed to be directly
mounted on a specially designed TEM holder containing a feed-through and inter-
connects to electrically operate the devices (Fig. 11.3b) [22,23]. In this case, the
sensing integrated circuit chip (MS3110) used'in the capacitance measurement is
located outside of the TEM.

11.4.2 Electrothermal Actuator Design

Electrothermal actuation complements-electrostatic schemes as a compact, stable,
high-force actuation technique [48]. Various forms of thermal actuators have been
employed in systems ranging from linear and rotary microengines [49] to two-
dimensional nanoscale positioners [50], optical benches [51], and instrumentation
for material characterization [52]. By incorporating compliant mechanisms, larger
displacements can be achieved [50].

Modeling of the thermal actuators 'generally takes one of two approaches:

1. A sequential electrothermal and thermostructural analysis [53-55]
2. A completely coupled three-dimensional FEA [56]

Additional analyses include characterization of the temperature-dependent elec-
trothermal properties [48—56] of these devices. A schematic of the thermal actuator
analyzed in this section is shown in Fig. 11.4. The thermal actuator consists of a
series of inclined polysilicon beams supporting a free-standing shuttle. One end of
each of the inclined beams is anchored to the substrate while the other end con-
nects to the shuttle. Thermal expansion of the inclined beams, induced by Joule
heating, causes the shuttle to move forward. The heating is the result of current
flowing through the beams because of a voltage bias applied across the two anchor
points [57]. Modeling of these actuators requires a two-step analysis; first an elec-
trothermal analysis to determine the temperature distribution in the device, followed
by a thermostructural analysis to determine the resulting displacement field.
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Fig. 11.4 (a) Schematic of the thermal actuator. (b) Cross section of a single beam suspended over
the substrate

An electrothermal model of the device is developed to determine the tempera-
ture distribution as a function of the applied voltage. This is highly dependent upon
the operating environment. When operating in air, the dominant heat transfer mech-
anism is heat conduction between the actuator and substrate through the air-filled
gap between them [54,55,57]. In this scenario, the governing equation is

d’r

ST T,
dx? —h

2

ky +Jp—hT7 (11.1)
where k;, and p are the thermal conductivity and resistivity of the polysilicon beams,
respectively; T is the temperature; J is the current density; S = (h/w)((2hgir/h) +1)
+1 is a shape factor accounting forthe effect of element shape on heat conduction to
the substrate; Rt = (hair/kair) + (An/kn) + (hs/ks) is the thermal resistance between
the polysilicon beam and substrate; 4 and w are the thickness and width of a single
beam, respectively; hy;; is the gap between the beam and silicon nitride layer on the
substrate; A, is the thickness of the silicon nitride; A is the representative thickness
of the substrate; ki, ky, ks are the thermal conductivities of air, silicon nitride, and
the substrate, respectively; and 75 is the temperature of the substrate.

The thermal conductivities kj, and ki, are both temperature dependent. However,
the assumption of a-constant k,, yields results similar to those using a temperature-
dependent value of k, [53]. Assuming a constant k, and temperature dependent Kyr,
the finite difference method is implemented to solve (11.1) by writing the second-

order differential equation in the form d’>7 /dx*> = b(x, T, and approximating it as

d*T 1
@“@(Tm—ﬂ}-i-?}—l)- (11.2)
Figure 11.5a shows the steady-state temperature profile obtained for a two-leg
(one pair of inclined beams) thermal actuator operating in air. The temperature of
the shuttle is significantly lower than that of each of the beams. This is due to the rel-
atively low current density in the shuttle, resulting in a lower rate of heat generation
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Fig. 11.5 Steady-state temperature profile (with respect to the substrate) along a pair of inclined
beams and the shuttle while operated (a) in air for both constant and temperature-dependent values
of kuir and (b) in vacuum with an input current of 10 mA. In both-cases, locations 0-300um and
360-660um correspond to the thermal beams while the center region is the shuttle between the
beams. The beams are anchored to the substrate at 0 and 660 um. In air, the highest temperature
occurs in the beams

as compared to that of the beams. Furthermore the relatively large area of the shuttle
results in greater heat dissipation through the air as compared to the beams.

The thermal conductivity of air has a significant effect on the actuator behavior
[54]. This strong dependence is clearly seen in.the two curves plotted in Fig. 11.5a —
in one case (purple curve) temperature dependence of thermal conductivity of air is
taken into account. k,;; increases with temperature; increasing the heat flow between
the beams and shuttle and the substrate. Consequently the temperature of the beams
and shuttle is lower for a given currentflow. It is clear that decreasing heat conduc-
tion through the air increases the temperature of the beams. Ultimately, operation
in vacuum maximizes the beam temperature for a given current flow, making the
device more efficient.

In contrast, heat dissipation/by conduction through the anchors to the substrate
dominates in vacuum [54,57]. Assuming each beam is thermally independent, an
electrothermal model based on a single beam is presented [54]. Heat transfer within
the beam is treated as a one-dimensional problem since the length dimension is
significantly larger than either of the cross-sectional dimensions. To analyze the
case where the thermal actuator operates in vacuum, the term for heat conduction
through the air is removed from (11.1),

2

kp((jix—f +J%p =0. (11.3)
Figure 11.5b shows that the highest temperature now occurs in the shuttle rather
than in the beams. Here the temperature depends mostly upon the distance from the
anchor points which are now assumed to be the only source of heat dissipation.
Since the shuttle is furthest from the anchors, it reaches the highest temperature.
With the temperature distribution known from this electrothermal analysis, the
thermomechanical behavior of the actuator is modeled to determine the resulting
displacement [22,23].
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While the displacement of the actuator in vacuum is easily characterized
experimentally [40], the temperature distribution is more difficult to obtain. There-
fore a coupled-field simulation is particularly necessary. Coupled analysis also
helps to assess the temperature at the actuator—specimen interface and to examine
the effectiveness of the thin heat sink beams in controlling the temperature increase
of the specimen during actuation.

The MEMS-based tensile stage is intended to operate within the SEM or TEM.
Thus the following finite element electrothermal analysis is carried out for the case
where the device operates in vacuum. The actuation voltage applied across.the an-
chor points serves as the input while the output includes both the actuator temper-
ature and displacement fields. Displacements at the anchor points are held fixed as
applied mechanical boundary conditions. The thermal boundary conditions dictate
a constant temperature at the anchors.

Figure 11.6a, b depict the temperature and displacement fields observed in the
thermal actuator for an actuation voltage of 1 V. As previously mentioned, heat
dissipation through the anchors is the dominant dissipation mechanism. Since the
shuttle is furthest from the anchors, the highest temperature occurs in the shuttle.
Due to the nonuniformity of the temperature distribution, the displacement is also
nonuniform.

Displacement (nm)

Temperature (°C)

0 48.2 96.3 144

Temperature (°C)

Displacement (nm)

0 18.4 36.7 55
c d

Fig. 11.6 (a) Temperature increase (°C) and (b) displacement field (nm) in the thermal actuator.
The displacement component plotted is in the shuttle axial direction. (¢) Temperature (°C) and (d)
displacement field (nm) in the thermal actuator with three pairs of heat sink beams at the specimen
end. In this analysis, the heat sink beams are 40 um in length and 4-um wide with 16 um spacing
between them. ANSYS Multiphysics, version 6.1 was used for this analysis
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Heating of the specimen during actuation is unavoidable as a result of the
increased temperature of the shuttle to which the sample is attached. However,
this effect is minimized with the addition of a series of heat sink beams running
between the shuttle and substrate near the shuttle-specimen interface as shown in
Fig. 11.6c, d. To avoid out-of-plane bending, another three pairs of heat sink beams
are placed at the opposite end of the shuttle. Comparing the two cases — with. and
without heat sink beams — it is found that similar displacement can be-obtained at
shuttle end for significantly smaller temperatures at the shuttle—specimen interface
with heat sink beams. For highly temperature sensitive materials, the problem of
specimen heating can be further mitigated with the addition of a‘thermal isolation
layer between the actuator and specimen following the custom microfabrication pro-
cess [57].

The thermal actuator is calibrated experimentally to-verify the analytical and
FEA models described above. Figure 11.7 [40] shows a comparison of experimen-
tally measured results with the analytical and FEA ‘predictions of the actuator dis-
placement for a given current input. The displacement of the actuators was mea-
sured with a SEM [22], having spatial resolution of better than 5 nm. Using the
analytical model, the displacement is computed based on experimentally measured
temperatures in the actuator [40]. In order to obtain the current, resistance of the
actuator is computed using the output temperature and a value of resistivity corre-
sponding to the average temperature of the device.

The models agree well with the experimentally measured actuator displace-
ments as shown in Fig. 11.7. This suggests that the models are useful in predicting
the behavior of thermal actuators of other geometry. At large currents (more than
~12mA), both analytical and FEA models deviate slightly from the experimental
results. This can be explained largely by inaccuracies in material parameters such as
resistivity and thermal conductivity at high temperatures [48, 54]. Furthermore, the
microstructure of polysilicon starts getting transformed at these high current levels
and elevated temperatures [40].

800 :
®  experiment '
700 A [m
—FEA ,
600 - /
s0d T analytical

Fig. 11.7 Comparison. of the
displacements at the actuator—
specimen interface as pre-
dicted by the analytical and
FEA models and measured
experimentally. Displacement

is plotted as a function of the 0 3 6 9 12 15
input current Current (mA)

Displacement (nm)
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11.4.3 Load Sensor Design

The load sensing mechanism consists of a differential capacitive displacement sen-
sor suspended on a set of elastic members of known stiffness. By calibrating the
stiffness of the elastic members [22, 23], the load is computed based on the mea-
sured displacement. The differential capacitive displacement sensor [45, 46, 58].is
chosen for its sensitivity and linear behavior over a range of displacements appro-
priate for tensile testing of nanostructures.

The differential capacitive sensor is comprised of a movable rigid shuttle with
electrodes (or “fingers”) pointing outward as shown schematically in Fig.11.8b [22].
These fingers are interdigitated between pairs of stationary fingers (Fig. 11.8b) fixed
to the substrate. Under load-free condition each movable finger sits in the middle of
two stationary fingers. Each set of fingers (one movable and two stationary ones on
the sides) forms two capacitors. The entire capacitance sensor is equivalent to two
combined capacitances, C| and C;, as shown in Fig. 11.8a.

A
C]ZCQZC():SNd—(l—l—f), (11.4)
0

where € is the electric permittivity; N is the number of unit movable fingers; A and
dy are the area of overlap and initial gap, respectively between the movable finger
and each stationary finger; and f = 0.65d/h'is the fringing field correction factor
with & being the beam height [59].

H"Fﬂb

sense

Device Chip Sensing IC Chip
N
O :
|
ci |
|
|
LPF O |
. T |
"Vref !
= synchronous output
I' demodulator  voltage !

(b)

Fig. 11.8 (a) A simple model of the differential capacitor. (b) Double chip architecture used
for measuring capacitance change. The capacitance change is proportional to the output-voltage
change
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The movable fingers are attached to the folded beams via the rigid movable shut-
tle, such that the displacement of shuttle and the beams is the same. This displace-
ment yields a change in capacitance given by,

Ad

, (11.5)

| | INeA
AC—Cng—NeA< >~ ¢

do—Ad dy+Ad) " 42

where Ad is the displacement of the load sensor. Note that the fringing effect fac-
tor cancels. For displacements Ad with 50% of the initial gap dy, the capacitance
changes approximately linearly with the sensor displacement. This relatively large
range of linear sensing is a major advantage of differential capacitance sensing over
direct capacitance sensing which uses a single fixed beam for each movable beam.

A variety of circuit configurations may be used in measuring capacitance [45,46].
Figure 11.8b shows schematically the charge sensing method used in the device.
This method mitigates the effects of parasitic capacitances that generally occur in
electrostatic MEMS devices. Here the change in output voltage AViepse is propor-
tional to the capacitance change [22],

Yo

AViense = aAC, (11.6)

where Vj is the amplitude of an AC voltage signal applied to the stationary fingers
and Ct the feedback capacitor as shown in Fig. 11.8b.

Minimizing stray capacitance and electromagnetic interference is critical in
high resolution capacitance measurements. In this case, integrating the MEMS
differential capacitor and sensing electronics on a single chip minimizes these
effects, allowing detection of changes in capacitance at the atto-Farad level [46].
However, this greatly increases the fabrication complexity. The double chip archi-
tecture depicted in Fig. 11.8 is-an alternative to the single chip scheme. Here the
MEMS-based system is fabricated on one chip while a commercial integrated circuit
chip (for e.g., Universal Capacitive Readout MS3110, Microsensors, Costa Mesa,
CA) is used to measure changes in capacitance. Both chips are housed on a single
printed circuit board.

11.4.4 System Analysis

With the mechanical response of the thermal actuator known for a given current
input, it is. now possible to formulate a set of equations governing the behavior of
the entire device [40]. A lumped model of the entire device is shown in Fig. 11.9.
Here K5 is the stiffness of the tensile specimen, K s is the stiffness of the load sensor
corresponding to the folding beams by which it is suspended, Kta is the stiffness
of the thermal actuator computed before, and Urg is the displacement of the load
sensor. The central shuttle is assumed to be rigid.
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> —— || —

Kis

Thermal actuator Sample Load sensor

Fig. 11.9 Lumped model of the entire tensile loading device with internal forces and displacements
shown in free body form

The following are the governing equations for the lumped system [40]:

AUs = Uta — ULs
2moATEAs — Fra

Ura =
Kta
Fra = Fs = Fs ; (11.7)
Fs= KsAUs
Fs= KisUrs

where s = sin @ and AUs is the elongation of the specimen, E is the Young’s
modulus, « is the coefficient of thermal expansion of the beam material, and m
is the number of pairs of beams. Solving the system of equations (11.7), one obtains
the displacement of the thermal actuator Uta, the tensile force on the specimen Fyg,
the elongation of the specimen AUs, and the corresponding displacement of the load
sensor Uy g as,

U 2maAT EAs + 2moATEAs
TA =
(Kta4 KtaKis/Ks+Kis)  (Kta+Ks+ KtaKs/Kvs)
F 2moATEAs
S p—
(Kta/Ks + 1+ Kra/KLs)
2moATEA
AU = m il (11.8)
(KTa + Ks + KtaKs /Kis)
2moATEAs
Uis =
(KtA + K1aKLs/Ks + Kis)

where A is the cross-sectional area of the beam. These represent the critical
parameters in_obtaining force—displacement data using the MEMS-based tensile
testing device.
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Considering the above analyses, the following design criteria are set to achieve
an effective and reliable material testing system:

1. Large load sensor displacements to maximize load resolution

2. Low temperature at the actuator—specimen interface to avoid artificial heating of
the specimen

3. Displacement-controlled testing i.e., the stiffness of the thermal actuator is sig-
nificantly higher than that of the specimen and load sensor

The specimen stiffness, failure load, and elongation at failure (AUs) dictate the
choice of actuator geometry and the number and dimensions of the beams. Conse-
quently optimization of the device design requires some preliminary knowledge of
the specimen behavior as is customary in experimental mechanics.

11.5 Experimental Results

11.5.1 Device Calibration

To obtain the relationship between the measured capacitance and corresponding dis-
placement, an identical device with a solid connection between the actuator and
load sensor (i.e., no gap for specimen mounting) was fabricated on the same chip.
Real time high-resolution images were employed to calibrate the capacitance mea-
surements [23] within a field emission SEM (Leo Gemini 1525). The device was
actuated with a series of stepwise incteasing voltages, applied sequentially in six
ON-OFF cycles. A high contrast feature on the movable shuttle was selected for
capturing images at high magnification (x 183k). The device state during succes-
sive ON-OFF actuation cycles was captured in a single SEM image, as shown in
Fig. 11.10a. Simultaneously, the output voltage Viense Was recorded by a digital
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Fig:11.10 Calibration of the load sensor showing the relationship between the capacitance change
and measured displacement from SEM images at a series of actuation voltage. (a) and (b) Signa-
tures when actuator is at 2 V; reference feature in the SEM image showing a motion of 15 nm due
to four ON-OFF actuations (a), and plot corresponding to a 0.7 fF capacitance change resulting
from the same actuation (b). Both raw data and fitted data are shown in the plot of capacitance
measurements. (¢) Plot of displacement vs. capacitance change resulting from the calibration
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multimeter and converted to the capacitance change using (11.6). Figure 11.10b
shows the raw data of Viepse at an actuation voltage of 5.5 V.

Figure 11.10c shows a plot of experimental data correlating the displace-
ments/loads and the capacitance changes (in dots). The relationship between
displacement and capacitance change as predicted in (11.5) is plotted in solid
line [40] is evident that the experimental data agrees with the predictions very well.
The achievable resolution of the measured capacitance change is 0.2fF and the
corresponding displacement resolution is 3 nm.

Another important step in the calibration procedure is the accurate measurement
of the load sensor stiffness. This can be accomplished in one of two ways (1) by
resonance methods, a common procedure in MEMS research [22] or (2) by iden-
tifying the Young’s modulus of the material, £, and then using FEA with accurate
metrology to determine the structural stiffness. For the parallel beams in the load
sensor, the resonating voltage cannot be larger than the pull-in voltage so the second
methodology is employed. Since the load sensor and actuator are comprised of the
same material, the accuracy of the load sensor stiffness prediction is assessed by
determining the comb-drive actuator stiffness using the resonance method and then
comparing this result with the one calculated by FEA. In the resonance method, the
stiffness is calculated by K = (27 f;)? (M, +0.3714M,) [22], where f; is the resonant
frequency, M, and M, the masses of the shuttle and the folded beams, respectively.
For the comb-drive actuator, we measured a resonant frequency of 17.2 +0.1kHz.
The corresponding stiffness is 20.3N m~', while the computed stiffness based on
the measured folded beam geometry, using E = 170 GPa [60], was 20.7N m~!. This
clearly shows that the stiffness computed based on the fabricated geometry and the
known value of Young’s modulus is in good agreement with that identified from the
resonance experiment. Following this procedure, the stiffness of the load sensor de-
signed for the testing CNTs was computed to be 11.8N m~!, which corresponds to
a load resolution of 35 nN [22]..Likewise, the stiffness of the load sensor designed
for testing NWs was 48.5N m~! with a load resolution of 145 nN.

11.5.2 Tensile Tests of Co-Fabricated Polysilicon Thin Films

The size and fragile nature of nanostructures demands specialized techniques
for preparation and mounting on the aforementioned MEMS device. Thin films
may be co-fabricated with the MEMS device. This eliminates any handling or
nanomanipulation of the specimen. For example, freestanding polysilicon films
were co-fabricated with the MEMS device between the actuator and the load sensor
(Fig, 11.11a)[23]. Due to limitations in the resolution of the photolithography used
to make the devices, the initial specimen width could not be made thinner than ap-
proximately 2jum. To reduce this dimension, the polysilicon specimen was further
machined by focused ion beam (FIB) down to 350-450 nm.

Thin film specimens co-fabricated with the MEMS device were then tested in
in situ SEM. The results of a tensile test of a polysilicon specimen prepared as
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Fig. 11.11 (a) A tensile specimen of polysilicon thin film co-fabricated with the MEMS device
and further thinned by FIB machining. (b) Measured stress—strain data [40]

described above are shown in Fig. 11.11b. Here the stress—strain curve shows strong
linearity with a Young’s modulus of 156 & 17GPa [40]. This result is consistent
with other reported values for polysilicon films [60—-62], which provides confidence
in the overall experimental protocol and data reduction.

11.5.3 Tensile Tests of Nanowires

It is known that nanowires posses a relatively large surface area-to-volume ratio.
Consequently interfaces, interfacial'energy, and surface topography play an increas-
ingly important role in their deformation and failure processes. In larger structures,
generation and propagation of (defects dictate material behavior. As grain sizes or
structural dimensions fall below 50—100 nm, interatomic reorganization near sur-
faces gain influence over bulk material behavior. Therefore understanding the de-
formation and fracture mechanics, of these new one-dimensional nanostructures is
essential.

Testing of individual nanowires and nanotubes with the MEMS device as de-
scribed above may be achieved either by growing the specimen across the gap be-
tween actuator and load sensor or by placement of the specimen in the device by
nanomanipulation [23]. The latter procedure involves use of a nanomanipulator op-
erated inside an SEM to pick up and place the individual nanostructure across the
gap, followed by EBID of platinum to weld the ends.

In situ SEM tensile tests of silver nanowires using the MEMS device were per-
formed to identify the material stress—strain behavior and failure. Figure 11.12a
shows sequential SEM images obtained during the testing of a silver nanowire. The
nanowire specimen began to deform at an actuation voltage of 0.8V and failed
at 6.6 V. The strain—stress data, shown in Fig. 11.12b, reveal key features. The
nanowires were stressed to about 2—-2.5 GPa, which is significantly higher than the
tensile strength (1.7 GPa) of bulk silver [63], before necking. This phenomenon,



308 B. Peng et al.

3
251
& 2f
e
o 151
]
s 1F
@ —e—Test#1
05|
0 1 1 1 1 1 S
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
b Strain

a (o

Fig. 11.12 In situ SEM tensile testing of a silver nanowite: (a) Sequential SEM images of a tensile
loading process. The nanowire is 1.9 um in length and 100 nm in width. (b) The strain—stress data,
and (c) the fracture surface of the nanowire showing the necking

which is attributed to the absence of defects and high stress threshold for the nucle-
ation of defects [64, 65], agrees with the hypothesis that the strength of the mate-
rial increases as the specimen’s characteristic dimension decreases. The nanowires
underwent large localized plastic deformation leading to necking and fracture
(Fig. 11.12c¢). A failure strain of about 6% was identified in the experiment. It is
interesting to note that the softening regime captured in the experiments was possi-
ble only because of the displacement control characteristic of the thermal actuator.

11.6 Summary

The first-1D nanostructure was synthesized more than a decade ago. Since then, a
number of nanodevices using these nanostructures have been developed. Mechan-
ical characterizations at the nanoscale become an important activity to predict and
assess device integrity and durability as well as to gain fundamental understanding
of deformation processes at the nanoscale. Most of the developed nanomechanin-
cal testing techniques did not possess a well-controlled loading condition and elec-
tronic load—displacement measurement. As such, in situ mechanical testing relied
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on indirect measurement of load through imaging of deforming beams. This chapter
described the modeling and analysis involved in the design of a MEMS-based ma-
terial testing system, which allows simultaneous load—displacement measurements
combined with real-time high resolution SEM or TEM imaging of the specimen
without the need for shifting the imaging beam. The system uses a thermal actuator
to apply load and a differential capacitive displacement sensor, of known stiffness, to
electronically measure the applied load. An analytical model of the thermal actuator
involving electro-thermal-mechanical analysis was developed to determine the tem-
perature distribution in the actuator, displacement and force fields. A coupled-field
FEA was used to verify the analytical model and obtained further insight on the field
variables. A set of design criteria were then established. Finally, examples of ap-
plication of the MEMS-based material testing system to characterize co-fabricated
polysilicon thin films and Ag nanowires were presented.
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