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Tension—compression asymmetry is a topic of current interest in
nanostructures, especially in strain engineering. Herein, we report a
novel on-chip microelectromechanical system (MEMS) that can
realize in situ quantitative mechanical testing of nanostructures
under tension—compression functions. The mechanical properties
of three kinds of nanostructures fabricated by focused ion beam
(FIB) techniques were systematically investigated with the pre-
sented on-chip testing system. The results declare that both Pt
nanopillars and C nanowires exhibit plastic deformation behavior
under tension testing, with average Young’'s moduli of 70.06 GPa
and 58.32 GPa, respectively. However, the mechanical deformation
mechanisms of the two nanostructures changed in compression
tests. The Pt nanopillar exhibited in-plane buckling behavior, while
the C nanowire displayed 3D twisting behavior with a maximum
strain of 25.47%, which is far greater than the tensile strain. More-
over, asymmetric behavior was also observed in the C nanospring
during five loading—unloading tension—compression deformation
tests. This work provides a novel insight into the asymmetric
mechanical properties of nanostructures, with potential applications
in nanotechnology research.

Introduction

Nanomaterials display unique mechanical and physical phe-
nomena that differ from those of bulk materials due to their
nanoscale properties. These include the “smaller is stronger”'™
and “smaller is softer”®> phenomena, size-dependent fracture
strength,®” brittle to ductile transition® and superelasticity.*°
The exceptional potential of nanomaterials in various fields,
such as nanoelectromechanical systems'' (NEMS), flexible
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New concepts

Quantitative tension-compression mechanical testing of nanostructures
is essential for material selection and geometry optimization in the
design and performance investigation of nanoscale devices. Today, the
use of a SEM/TEM in situ quantitative mechanical testing system is one of
the main methods in this research field. However, researchers must have
different expensive commercial accessories to combine both SEM and
TEM, which seriously increases the cost and difficulties of testing experi-
ments. To overcome these challenges, this manuscript presents an in situ
quantitative mechanical testing system based on a novel on-chip MEMS
device, which is suitable for both SEM and TEM. The device integrates
tension and compression electrostatic actuators with opposite driving
orientations, enabling efficient size reduction while retaining actuation
capabilities, which possess both tension and compression functions. The
mechanical properties of nanostructures were investigated, revealing
plastic deformation behavior in Pt nanopillars and C nanowires under
tension, and in-plane buckling in Pt nanopillars, and 3D twisting in
C nanowires under compression. Moreover, the asymmetric behavior of
the C nanospring is also revealed during tension-compression tests.
The presented testing system based on the on-chip MEMS device is a
promising solution for mechanical testing of nanostructures, with
prospective applications in nanotechnology research.

electronics,'?

and energy harvesting and storage devices,'?
has prompted extensive research. In nanoscale mechanical engi-
neering, the fabrication of different dimensional architectures***>
has led to numerous emerging applications. The mechanical
properties of nanostructures fabricated by nanomaterials have
more diversified characteristics under mechanical loads, mainly
including tension and compression.’®"® Understanding these
properties is essential for material selection and geometry optimi-
zation in the design and performance investigation of nanoscale
engineering.”>?! Therefore, the development of a test system with
in situ quantitative tension-compression testing function is of
utmost importance for comprehensively understanding the rela-
tionship between the properties and structures of nanostructures.

Due to the extremely small size of nanostructures, quanti-
tative mechanical testing is typically performed using scanning

This journal is © The Royal Society of Chemistry 2024
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electron microscopy (SEM) or transmission electron micro-
scopy®? (TEM). These testing methods can be categorized into
two types: nanomanipulator-based and nanoindentation-based
approaches. In the nanomanipulator-based category, a nano-
manipulator acts as an actuator without a force sensing mechanism.
Therefore, a load sensor, such as atomic force microscopy
(AFM), is often required for quantitative testing.>>** Tension-
compression testing is achieved by applying opposite actuation
directions to the fixed tip of the nanomanipulator.>*?>®
The deformation behavior of the sample is monitored using
electronic images, and the force is obtained through the load
sensor’’ or finite element methods*® (FEM). However, this
method requires simultaneous observation of the sample and
the load sensor during testing, which increases the time cost
and experimental complexity. Additionally, the small tip size
makes it challenging to apply a uniform load on a large area,
making it more suitable for nanowires rather than complex
nanostructures. Recently, nanoindentation-based methods**~"
have emerged as alternatives to address these issues. The
nanoindenter integrates a piezoelectric actuator and force-
displacement transducer to automatically sense the load while
applying displacement. Customized accessories®® make it sui-
table for testing various nanostructures. Despite the robustness
of this equipment, there are significant structural and dimen-
sional differences between the models used in SEM and TEM.
Consequently, researchers must possess both equipment
models to perform tests in SEM and TEM, which increases
the experimental cost.

To overcome these challenges, MEMS technology®® offers a
promising solution due to its small size and customizable
functional design. MEMS devices utilize on-chip actuation
(thermal or electrostatic actuators®!) and load sensors (capacitive
sensors or flexible beams). These devices have an overall size in
the millimeter scale and can be universally used in both SEM and
TEM test environments.* In fact, MEMS devices have been widely
employed for in situ tension, bending, and fatigue®*>® testing
of nanomaterials. However, the design of tension-compression
test systems becomes challenging due to increased structural
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complexity resulting from multiple actuation and sensing require-
ments. Currently, there are no reports on MEMS devices that can
simultaneously realize the quantitative tension-compression test-
ing function of nanostructures. This significantly hinders the
investigation of the tension and compression properties of nano-
structures (especially the in situ dynamic tension-compression
mechanical properties), and its microscopic mechanism
exploration.

Herein, we present a novel tension-compression MEMS
device designed for in situ quantitative mechanical testing of
nanostructures. The device incorporates two electrostatic actua-
tors with opposite driving directions into a support beam
system, effectively reducing its overall size while retaining full
actuation capability. Additionally, the device utilizes a differ-
ential capacitive sensor to enable automatic load-displacement
measurements during testing. Using this MEMS device, we
conducted quantitative tension and compression tests on Pt
nanopillars and C nanowires fabricated using FIB techniques.
The experimental results reveal distinct mechanical behaviors
of these nanostructures under tension and compression states.
Furthermore, we systematically investigated the asymmetric
mechanical behavior of a C nanospring fabricated through
FIB 3D nanoprinting under the tension-compression test
mode. These findings provide valuable insights into the
mechanical properties of nanostructures and demonstrate the
effectiveness of our tension-compression MEMS device in
enabling in situ quantitative mechanical testing.

Experimental section
Mechanical analysis

As schematically illustrated in Fig. 1(a), the tension-compression
MEMS device consists of three parts: a tension electrostatic
actuator, a compression electrostatic actuator and a displacement
sensor. These structures are distributed on both sides of the
moving shuttle, while the mechanical test system is suspended
by several pairs of support beams. The sample stage is composed
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Fig. 1 Schematics of the structure (a) and lumped mechanical model (b) of the tension—compression MEMS device.
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of a moving shuttle and a fixed block. By applying voltages on
different actuators, the device can achieve tension or compression
modes. The displacement of the actuator is measured using a
differential capacitive sensor or SEM images. The symmetrical
design of the structure ensures that the system has the same
theoretical driving ability and displacement sensitivity in both
tension and compression modes. This method, compared to the
classical three-spring test system,*® allows for a wider measure-
ment range by fully utilizing the displacement of the electrostatic
actuator for sample testing.’® Fig. 1(b) illustrates the lumped
mechanical model of the test system used to analyze deformation
compatibility and force distribution. When the system is in static
equilibrium, the governing equations of the system are given as
follows:

Fg = NteVP/g (1a)
UE = AUS (1b)
Fs=AUg X ks =Fg — Ug X kg (1¢)

where Fg is the actuation force generated by the tension or
compression actuator at the applied voltage V, replaced by Fr
and F¢ in Fig. 1. N, t and g are the number of combs, the gap
between fingers, and the thickness of the device, respectively. ¢
is the dielectric constant. Ug and AUs are the actuator displace-
ment and sample deformation, respectively, which are the
same in the load mode. Fs is the force applied to the sample,
ks and kg are the stiffness of the sample and the actuator,
respectively.

In practical tests, the actuation displacement of electrostatic
actuators usually deviates from the prediction of eqn (1a) due to
process errors and parasitic capacitance.** Therefore, in order
to accurately characterize the actuation force Fg, experiments
need to perform displacement characterization at different
voltages under no-load conditions. The following formulas
are used instead of eqn (1a):

Fp=kgx Ug=ax V (2)

where a and b are the parameters obtained after curve fitting. It
should be noted that different from eqn (1), Ug represents the
displacement of the actuator under no-load conditions.
Through eqn (1) and (2), the force and displacement of the
nanostructures under different voltages can be obtained. Com-
bined with the morphology characteristics of the nanostruc-
tures, mechanical parameters such as Young’s modulus, yield
strength, and fracture strength under tension-compression
mode can be further extracted.

Device design and fabrication

The SEM image of the tension-compression MEMS device is
presented in Fig. 2(a). Different from the schematic diagram in
Fig. 1(a), the tension actuator and compression actuator are
located inside and outside of the moving shuttle, respectively,
as shown in Fig. 2(b). This design method can effectively reduce
the device area while ensuring the symmetry of the structure,
which is essential for in situ testing. The support system of
the device is composed of fixed-fixed beams, folded beams,
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Fig. 2 SEM images of the MEMS device: (a) the overall view, (b) the
tension and compression actuators, (c) the sample stage, (d) the differ-
ential capacitive sensor.

and serpentine beams, which provide significant out-of-plane
stiffness while maintaining low axial stiffness.*” The sample
stage area consists of the moving shuttle, the fixed structure,
and a four-probe electrical test structure designed for the
subsequent tension-compression electromechanical testing, as
shown in Fig. 2(c). Fig. 2(d) illustrates a differential capacitance
sensor utilized in both tension and compression modes. The
differential structure enhances the anti-noise ability of the capa-
citive sensor, ensuring a linear relationship between capacitance
change and actuation displacement.”” The MEMS device was
fabricated on a 4-inch silicon-on-insulator (SOI) wafer using a
previously proposed compatible process.*>** The single-crystal Si
structural layer thickness is 30 pm and isolated from the substrate
by a 0.5 pm-thick SiO, layer. The metal electrodes consist of a
200 nm Au and 20 nm Ti bonding layer prepared by sputtering.
The through-hole structure can be fabricated by this process,
which is a necessary characterization for TEM testing.

Test system setup

The setup of the test system based on the tension-compression
MEMS device is shown in Fig. 3(a). The device uses a differ-
ential capacitive sensor structure, providing a theoretical sen-
sitivity of S = 0.19 fF nm™'. The capacitance change was
measured using a commercially capacitive readout chip®®
(MS3110, Irvine Sensors). The two fixed plates of the differential
capacitor are respectively connected to the CS1IN and CS2IN
ports of MS3110, while the moving shuttle is connected to
the COM port. This configuration makes the device exhibit
opposite trends in capacitance changes under tension and
compression modes without the need for circuit reconnection.
The selection of the mechanical load mode is realized by simple
switch equipment, connected to an adjustable voltage source
for load control. For tension-compression fatigue testing, this
switch can be replaced by a relay with a signal generator for
frequency control.

Fig. 3(b) shows the assembled PCB test board designed
for the SEM environment, which consists of three modules:

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) The schematic of the test system setup based on the MEMS device.
(b) The PCB contains the wire-bonded MEMS device and capacitive readout circuit.

microcontroller unit (MCU), analog-to-digital converter (ADC),
and MEMS development board (ESIt). This module design
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ensures compatibility with various types of MEMS devices.
The wire-bonded MEMS device and MS3110 chip are integrated
into the MEMS development board to reduce the noise.** The
ADC chip is responsible for collecting the output signal from
the MS3110, while the MCU controls both the ADC and MS3110
chip. The test system is controlled by an external computer and
voltage source through the connector and flange. For TEM
environments, similar functionalities can be achieved by utiliz-
ing a customized sample holder** for electrical connections.

Results and discussion
Device characterization

To evaluate the performance of the tension-compression
MEMS device, we performed tests without samples. The DC
source was applied to the actuators through the flange, and the
change of the sample stage gap was observed using SEM.
Fig. 4(a) shows the variation of the sample stage gap in the
initial, tension, and compression states. The symmetrical
structural design results in identical theoretical actuation
displacements and capacitance changes in tension and com-
pression modes. The tension and compression actuation dis-
placements at specific voltages are relatively consistent, as
shown in Fig. 4(b). Meanwhile, the capacitance changes in
both modes show a linear relationship with displacement
(Fig. 4(c)). The deviations between theoretical and experimental
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Fig. 4 (a) SEM images of sample stage gap changes in the initial, tension, and compression states. (b) Calibration of the tension and compression
actuators. (c) Calibration of capacitive sensors in tension and compression modes. (d) Stability testing of the capacitive sensor.
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results are primarily attributed to process errors and parasitic
capacitance,”” which can be mitigated through the use of a
calibration constant.*” Fig. 4(d) shows the stability test results
of the capacitive sensor in a single mode. By applying a stepped
voltage to the actuator, the obtained capacitance changes
exhibit a stable tracking characteristic. The fluctuation of
capacitance change at a certain voltage is about 0.64 fF (inset
in Fig. 4(d)), indicating high stability.

Fabrication of Pt and C nanostructures based on FIB

The utilization of FIB nanofabrication technology offers a
flexible and convenient approach to achieve complex geometrical
architectures.*® This technology makes architectural design across
a wide range of length scales possible. The fabrication principle is
based on the interaction of an electron/ion beam with a precursor
material to form a deposited product. The position and size of the
product can be precisely controlled by the pattern generator.
Moreover, Pt and C-based nanostructures created through
FIB-induced deposition (IBID) have found extensive applica-
tions in various fields such as TEM sample preparation,*’
structure fixation,*”® and 3D nanoprinting.*® Therefore, the
experiment carried out tests on nanostructures composed of
these two materials to gain insights into the in situ nanofabri-
cation techniques.

The fabrication process for Pt nanopillars is similar to the
TEM sample preparation.® First, a rectangular Pt block with a
thickness of approximately 0.5 um was deposited using a Ga*
ion beam with an accelerating voltage of 30 kV and a beam
current of 80 pA. Next, the Pt block was extracted, and the
substrate was fully etched by rotating the nanomanipulator and
employing FIB milling. Finally, the Pt block was transferred to
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the sample stage and cut into a dog-bone shape, as shown in
Fig. 5(a). The marks of the Pt nanopillar provide a better view of
the amount of sample deformation. On the other hand, the C
nanowire was directly fabricated under a Ga* ion beam with an
accelerating voltage of 16 kV and beam current of 1.1 pA
without the use of a nanomanipulator. The ion beam is
incident perpendicular to the target area, and phenanthrene
is injected into the FIB chamber using a gas injection system
(GIS). The ion beam, controlled by a computer-aided design
(CAD) program,*® interacts with the precursor for deposition to
form a suspended C nanowire (Fig. 5(b)). The different pre-
paration methods of the two material systems resulted in
distinct nanostructural features, as revealed by scanning trans-
mission electron microscopy (STEM). The Pt nanopillar exhibits
a substantial structure. Conversely, the C nanowire features an
amorphous C shell in the structure, encapsulating a core with
small precipitates of amorphous gallium.>* Fig. 5(c) and (d)
show the energy spectrum (EDS) analysis and elemental dis-
tributions of the two materials, revealing the nature of the
hybrid.

Tension test of the Pt nanopillar and C nanowire

To validate the effectiveness of the device, we carried out uniaxial
tensile tests on the Pt nanopillars and C nanowires. Both nanos-
tructures were fixed by Pt blocks fabricated through electron/ion
beam induced deposition (EBID/IBID). Switching the system to
tension testing mode, a continuous DC voltage was applied to the
tensile actuator to drive the sample stage. Fig. 6(a) shows the
deformation behavior of the Pt nanopillar during the tension
test, with the increasing spacing of the marked points indicat-
ing the progression of deformation. The stress-strain curves of
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Fig. 5 SEM image of the (a) Pt nanopillar and (b) C nanowire fabricated by FIB. The insets are STEM images of the Pt nanopillar and C nanowire. EDS

analysis of the (c) Pt nanopillar and (d) C nanowire.
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Fig. 6 Sequential SEM images (a) and strain—stress curves (b) of the Pt nanopillar during tension to fracture.

the Pt nanopillars are shown in Fig. 6(b) and categorized by
the width of the smallest dimension in the geometry, indicat-
ing that obvious plastic deformation during testing. The
obtained Young’s modulus in the linear interval of the curves
ranged from 62.08-77.07 GPa, with an average value of
70.06 GPa, which is in agreement with previous reports.>>>?
The maximum fracture strain and stress of the Pt nanopillars
reached 15.05% and 3.69 GPa, respectively, and no significant
size-dependent phenomenon was observed in the tests. Simi-
larly, the deformation behavior and stress-strain curves of the
C nanowires in the tension test are shown in Fig. 7. The
Young’s modulus ranged from 53.09 to 64.39 GPa with an
average value of 58.32 GPa, which is consistent with previous
reports.>">> Notably, the nanowires with a diameter of 106 nm
exhibited the most excellent mechanical properties in terms of
Young’s modulus (64.39 GPa), fracture strength (2.06 GPa),
and maximum tensile strain (11.35%), indicating a size-
dependent phenomenon. Both Pt and C nanostructures exhib-
ited excellent ductility and fracture strength in the tension
tests, showcasing promising applications for future nano-
mechanical components.
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Compression test of the Pt nanopillar and C nanowire

The Pt nanopillar for compression testing was fabricated using
the same method as the tension samples. However, it should be
noted that the nanopillar used for compression testing did not
have marks and was designed in a rectangular shape instead of
a dog-bone shape. The geometry was chosen for two reasons.
Firstly, the smaller size of the compressed sample reduces
the displacement error caused by direct observation less than
1.5 nm, which meets the test requirements. Secondly, the
rectangular structure makes it possible to extract mechanical
parameters during compression deformation by the Euler
buckling model.>® As the compressive displacement increases,
the nanopillar undergoes a series of states. Starting from the
initial state (Fig. 8(a)), the nanopillar gradually reaches the
limit of the elastic state (Fig. 8(b)). A small displacement
increment beyond the elastic limit can cause the nanopillar
to buckle (Fig. 8(c)), and the degree of buckling increases
gradually (Fig. 8(d)). Cracks begin to appear in the nanopillar
(Fig. 8(e)), deepening as the compressive displacement con-
tinues. Finally, the broken segments of the nanopillar stick
together (Fig. 8(f)), leading to a re-increase in the applied
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Fig. 7 Sequential SEM images (a) and strain—stress curves (b) of the C nanowire during tension to fracture.
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Fig. 8 (a)—(f) A series of SEM images of the Pt nanopillar during the compression test. (g) The load—displacement curve of the Pt nanopillar. Points 1-6
mark the load—displacement characteristics of the Pt nanopillar with the deformation state in images (a)—(f), respectively. Scale bar: 1 pm.

mechanical loads. The variation of the applied load with the
axial displacement of the nanopillar is shown in Fig. 8(g). Since
the stress and strain are not uniform across the sample in the
compressed state, the Young’s modulus is extracted from the
linear portion of the mechanical curve using Euler’s formula:

P.. = [T*EI/L.2 (3)

where P, is the critical buckling force acquired by the compres-
sion test, E is the Young’s modulus, I is the moment of inertia
of the Pt nanopillar, and L. is the effective length equal to half
of the actual length in this experiment. The Young’s modu-
lus of the Pt nanopillar obtained under the compression test is
68.81 GPa, which is consistent with the results from the tension
test. The yield strength is determined to be 912 MPa.

The C nanowire for compression testing was fabricated using
the same method as the tension testing, and the deformation
behavior is illustrated in Fig. 9(a). Since the deformation of each
part of the nanowire was not uniform under compression, the
strain at the bending part was selected for comparison in the
experiment. The strain ¢ was calculated according to the formula:*®

e=r/(r+ p)% (4)

where r is the radius of the nanowire and p is the curvature
radius of the inner edge of the nanowire. The C nanowires
exhibited a bending strain of up to 25.47% during compression,
without experiencing fracture, which is significantly higher than
that observed in the tension experiments (11.35%). The 3D
twisting deformation of the C nanowire results in a scattered
curve during compression testing (Fig. 9(b)). The apparent ten-
sion-compression asymmetry may be attributed to the different
sensitivities of defects and deformation mechanisms under ten-
sion versus compression. Specifically, the tension load tends to
cause premature fracture at low stresses by causing the defects to
initially form cracks and accelerating their expansion. In contrast,
defects tend to close under compression load, allowing the
nanomaterial to withstand greater deformation.”® The excellent
flexibility exhibited by the C nanowire under compression loads
provides promising applications for nano-strain engineering.

Tension-compression test of a C nanospring

The tension-compression continuous test capability of the
device was verified using a C nanospring fabricated through
FIB 3D nanoprinting. The designed growth paths were
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Fig. 9 (a) A series of SEM images of the C nanowire during the compression test. (b) The load—displacement curve of the C nanowire.
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Fig. 10 The front (a) and top view (b) SEM images of the C nanospring fabricated by FIB 3D nanoprinting. (c) SEM image of the nanospring transferred
and fixed by a nanomanipulator and EBID. (d) A series of SEM images of the C nanowire during the tension—compression test. (e) The load—-displacement

curve of the C nanospring.

imported into the pattern controller of the FIB, and growth was
carried out at an accelerating voltage of 16 kV and a beam
current of 1.1 pA. The front and top-view SEM images of the C
nanospring are shown in Fig. 10(a) and (b), respectively,
displaying a standard 3D helical structure. A nanomanipulator
was used to connect and extract the nanospring. The angle and
position of the nanomanipulator were adjusted to align
the nanospring axial direction with the device’s actuation
direction, and a uniform area of the nanospring was placed
on the test stage. EBID Pt blocks (5 kV, 0.34 nA) were used to fix
both ends of the spring, as illustrated in Fig. 10(c). Five
continuous loading-unloading tests were performed on the C
nanospring in tension-compression mode. Fig. 10(d) depicts
the images of the nanospring in the initial state, at the
compressive limit, at the tension limit and following fracture,
which indicates the non-uniform deformation in compression
as compared to tension. The change in mechanical behavior
caused by this non-uniformity is also observed in the load-
displacement curve shown in Fig. 10(e). It can be observed that
the loading and unloading curves under the compression test
deviate slightly, while in the tension test, they almost coincide.
Moreover, the linearity of the mechanical curves in the tensile
test is much better than that in the compression test. The intrinsic
properties of the nanospring can be evaluated by the spring
constant, which is obtained by solving the slope of the load-
displacement curve (Fig. 10(e)). The average spring constants in
the tension and compression modes are 143.53 N m ' and
120.81 N m ™", respectively. The experimental results highlight
an unexplored regime of intrinsic tension-compression asymme-
try in nanostructures. In addition, the non-traditional design of
nanosprings relies on advanced nanofabrication technology.
Mixed helical structures with different diameters have been

This journal is © The Royal Society of Chemistry 2024

reported,”” and analysis of the intrinsic mechanical properties
may require the assistance of finite element simulation.

Conclusion

This paper presents a MEMS device that enables in situ quanti-
tative tension-compression mechanical testing of nano-
structures. The device consists of tension and compression
electrostatic actuators, a differential capacitance sensor, and an
external control circuit for the measurement of mechanical
properties. Systematic investigations were carried out to ana-
lyze the mechanical behavior of Pt nanopillars and C nanowires
fabricated by FIB under tension and compression loads. The
stress—strain curves obtained from the tension tests demon-
strated clear plastic characteristics for both Pt nanopillars and
C nanowires. The Pt nanopillars exhibited a maximum fracture
stress of 3.69 GPa and a maximum strain of 15.05%. Similarly,
the C nanowires displayed a maximum fracture stress of
2.06 GPa and a maximum strain of 11.35%. In the compression
test, the Pt nanopillar exhibited in-plane buckling behavior,
and the obtained Young’s modulus was consistent with the
tensile test. On the other hand, the C nanowire exhibited 3D
twisting behavior, with a maximum bending strain of 25.47%,
significantly higher than that observed in tension tests.
Furthermore, tension-compression asymmetry was observed
in the C nanospring fabricated by FIB 3D nanoprinting. The
loading-unloading mechanical curves in the compression test
deviated from linearity and exhibited inferior linearity com-
pared to the tension test, where the curves overlapped and
showed high linearity. These results show that the developed
device possesses excellent tension—compression mechanical
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testing capability, which can provide an important evaluation
basis for the fabrication and design of nanostructures.
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