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Development and Application of a Novel
Microfabricated Device for the In Situ
Tensile Testing of 1-D Nanomaterials

Yogeeswaran Ganesan, Yang Lu, Cheng Peng, Hao Lu, Roberto Ballarini, and Jun Lou

Abstract—We report on the development and application of a
silicon microdevice for the in situ quantitative mechanical charac-
terization of single 1-D nanomaterials within a scanning electron
microscope equipped with a quantitative nanoindenter. The design
makes it possible to convert a compressive nanoindentation force
applied to a shuttle to uniaxial tension on a specimen attached to a
sample stage. Finite-element analysis and experimental calibration
have been employed to extract the specimen stress versus strain
curve from the indentation load versus displacement curve. The
stress versus strain curves for three 200-300-nm-diameter Ni
nanowire specimens are presented and analyzed. [2009-0271]

Index Terms—In situ, microdevices, nanoindenter, nanomanip-
ulation, nanomechanics.

I. INTRODUCTION

ECAUSE of their superior mechanical and electrical prop-

erties, 1-D nanomaterials such as metal and semiconduc-
tor nanowires and nanotubes have emerged as key components
in a number of advanced and miniaturized electronic, optical,
thermal, and electromechanical systems. The vast number of
current and potential applications of these materials necessi-
tates the need for a thorough understanding of their mechanical
properties at comparable length scales due to their well-known
size effects, i.e., the often-reported deviation from bulk proper-
ties at small scales. Their deformation behavior, in particular,
is of great importance, since it affects the structural integrity
and reliability of their parent systems. In addition to the tech-
nological driving force, these 1-D nanoscale entities provide
unique opportunities and challenges toward the investigation of
fundamental mechanisms in materials science, primarily those
governing the origins of size-dependent mechanical behavior.
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In situ nanomechanical testing provides a powerful means
to study deformation processes and to observe the deforma-
tion mechanisms in nanomaterials through real-time imaging,
for example, within a scanning electron microscope (SEM)
chamber [1]. As a result, a considerable amount of attention
has been focused on in situ experiments such as resonance-
based tests [2], MEMS-based tensile testing [3], atomic-force-
microscope (AFM)-assisted bending [4], compression [5] and
tension tests [6], and tests conducted using electrostatically and
thermally actuated platforms [7]-[10], among others, in order
to probe the mechanical properties of nanomaterials and thin
films. A number of the aforementioned techniques are either
indirect (e.g., resonance-based testing), qualitative (e.g., AFM-
assisted bending), or cannot be easily adapted for testing 1-D
nanomaterials (e.g., the MEMS-based tensile testing technique
for nanoscale thin films developed by Haque ef al.). A major
drawback with methods involving atomic force microscopy is
that the force applied on and the deformation of the specimen
cannot be simultaneously and independently measured. Fur-
thermore, the force measurement is often semiquantitative at
best, since it is based on an estimate of AFM probe stiffness and
also because it relies on AFM tip deflection monitoring. The
electrostatically and thermally actuated platforms developed by
Espinosa et al. do overcome most of the limitations associated
with some of the other aforementioned techniques. However,
their technique relies on a complicated setup that involves
separate microchips for sample loading and capacitance-based
load measurement; its implementation is thus both expensive
and challenging.

The device described in this paper was specifically designed
to perform in situ quantitative tensile testing experiments on
1-D nanoscale building blocks, such as nanowires and nano-
tubes, within a SEM or transmission electron microscope
(TEM) chamber equipped with a quantitative nanoindenter. De-
vice actuation relies on a simple “push—pull” mechanism, as op-
posed to most of the existing techniques that involve electro- or
thermomechanical coupling. Its simple design helps minimize
the sources of errors, and the use of a quantitative nanoindenter
helps overcome three of the main challenges associated with
in situ experimental study of 1-D nanostructures, i.e., 1) ap-
plication and measurement of forces with nano-Newton reso-
lution; 2) measurement of local mechanical deformation with
nanometer resolution; and 3) direct and independent measure-
ment of load and deformation allowing real-time observation of
the deforming samples.
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Fig. 1.

SEM images showing variations of the microdevice; devices labeled (a)—(d) belong to generation I, while devices labeled (e) and (f) belong to

generation II. The devices labeled (a) and (f) are composed of inclined beams making a 60° angle with the sample-stage shuttles. The rest of the devices

have inclined beams making a 45° angle with respect to the sample-stage shuttles.

II. DEVICE DESCRIPTION
A. Design

The devices used to perform the Ni nanowire tensile experi-
ments described in this paper are one of the many (see Fig. 1)
that were specifically designed for performing nanoscale tensile
tests on 1-D nanomaterials within a SEM or TEM chamber
equipped with a quantitative nanoindenter [11]. Load applica-
tion (and measurement) and deformation measurement for the
1-D specimens are performed with the aid of the nanoindenter.
The device consists of a pair of movable (sample-stage) shuttles
that are attached to a top shuttle via inclined freestanding
beams. Its actuation involves the usage of an in situ nanoin-
denter that applies a force on the top shuttle of the device along
the y-axis (see Fig. 2). Four sets of inclined symmetrical beams
transform the motion of the top shuttle into a 2-D translation of
the sample-stage shuttles. Proper alignment of the nanoindenter
head results in the sample-stage shuttles moving symmetrically
along the y-axis and ensures that the load being applied across
the sample, clamped between two ends of the sample-stage
shuttles, is purely tensile. The force and displacement reso-
lution of the devices are dictated by that of the nanoindenter
and were ascertained via noise floor estimation experiments.
The value for the displacement resolution was found to be
equal to 0.8675 nm. The spring stiffness for the indenter was
approximately 80 N/m (manufacturer specification). Hence, the
load resolution was computed to be equal to 69.4 nN. With
regard to stress versus strain curve extraction, the force on
and elongation of the test specimen can be extracted from the
nanoindenter load and tip displacement data via the following:
1) finite-element-analysis (FEA)-calculated conversion factors
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Fig. 2. SEM image of the microdevice and its components. The block arrows
show the direction of the movement of the indenter tip and the shuttles during
the experiment. (Inset) Close-up view of a nanowire sample.

or 2) energy balance. While the former technique, which is
described in detail in this paper, was found to be primarily
applicable for analyzing tests conducted on linear elastic (brit-
tle) materials (the Ni nanowire specimens tested were found
to be brittle materials), the latter technique would be suitable
for more general materials and will be described in a future
publication.

Device stiffness is dependent upon the thickness of the
device layer, the number of support beams attached to the top
shuttle, and the number and inclination angle of the inclined
beams. Two separate sets of devices were fabricated using the
procedure outlined in Fig. 3. The first set of devices, henceforth
referred to as generation I devices, were fabricated on silicon-
on-insulator (SOI) wafers having a device layer thickness of
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9.5 £ 0.5 um (see Fig. 1). For this generation of devices, the
more compliant structures were composed of eight inclined
beams at an angle of 45° with respect to the sample-stage
shuttles. The stiffer structures had either eight inclined beams
making a 60° angle or 20 inclined beams making a 45° angle
with respect to the sample-stage shuttles. The second set of
devices, henceforth referred to as generation II devices, were
fabricated on SOI wafers having a device layer thickness of
6 + 0.5 or 9 = 0.5 um. Each of these devices comprised eight
inclined beams, each making an angle either 45° (more com-
pliant) or 60° (stiffer) with respect to the sample-stage shuttles.
The generation II devices also differed from the generation I
ones with regard to the width of the shuttles, the separation
between the inclined beams, and the shape of the sample-
stage shuttles. Testing stage size is always a critical issue when
setting up in sifu nanomechanical characterization experiments
within a TEM. The fabrication scheme adopted involved the
use of dicing lines on the masks such that individual devices
could be isolated from the wafers onto either 3 mm x 2 mm
(generation I) or 2.5 mm x 1.2 mm (generation II) pieces.
Also, an extended back-side window was incorporated into
the design to facilitate nanoindenter head positioning and to
ensure electron-beam transparency (a necessity for in situ TEM
experiments).

B. Fabrication

As previously stated, the device fabrication process was
tailored in order to obtain stand-alone devices with extended
back-side windows. A similar scheme was adopted during the
fabrication of both generations of devices, which is outlined
in Fig. 3. The SOI wafers used during fabrication consisted
of either a 9.5 + 0.5-um-thick Si (100) device layer, a 2-um-
thick buried oxide layer, and a 490 4 10-pm-thick handle Si
layer (generation I) ora 6 4= 0.5 um/9 =+ 0.5-pm-thick Si (100)
device layer, a 5-um-thick buried oxide layer, and a 490 +
10-pm-thick handle Si layer (generation II). A bright field mask
(device mask) was used for device patterning, while a dark
field mask (trench mask) was employed to incorporate back-

Step 4- Dry etch of handle layer

Step 6- Photoresist removal and (b) device release in BOE
followed by critical point dry

Schematic shows the procedure adopted for microdevice fabrication. Note that the dimensions of the layers have not been drawn to scale.

side windows on the devices and for dicing lines to facilitate
individual device isolation. First, a 4-pm-thick oxide film was
grown on the back of the wafers by plasma-enhanced chemical
vapor deposition at 340 °C, with SiH, and Oy gases acting
as the precursors. Standard photolithography techniques were
then employed followed by a dry etching step, within a Plas-
maTherm SLR-770 Inductively Coupled Plasma Reactive Ion
Etcher (Plasma-Therm, St. Petersburg, FL) using the Bosch™
recipe, in order to pattern devices on the front side of the wafers.
Subsequently, photolithographic techniques were again used to
pattern dicing lines and windows on a resist layer coated on the
back side of the wafer. Mask alignment, during this step, was
performed using a SUSS MicroTec MA6 Mask Aligner (SUSS
MicroTec AG, Garching, Germany) equipped with front-to-
back alignment capability. The oxide layer on the back side
of the wafer was then etched in a 10:1 buffered oxide etch
(NH4F:HF 36.2:4.7% by weight) solution. Before the sample
was immersed into the buffered oxide etch solution, the front
side of the wafer was coated with a thick photoresist layer in
order to protect the exposed buried oxide layer. The handle
layer was subsequently dry etched within the deep reactive ion
etcher. The thick photoresist layer on the front side of the wafers
was removed using acetone before device release, which in-
volved the placement of the wafers in a buffered oxide etch tank
for a specific amount of time. The duration of the release step
was long enough for the movable portions of the device to be
completely released while some of the oxide remained beneath
the anchor pads, leaving them attached to the substrate. The
samples were then placed in a methanol bath and subsequently
dried within a supercritical drier (tousimis research corporation,
Rockville, MD) using liquid carbon dioxide (in order to avoid
stiction issues) before individual device isolation.

C. Data Analysis Using FEM Modeling

The details with regard to the FEA of the early version
of devices and the associated testing procedure have been
discussed earlier [12]. However, since the devices, the models,
and the method for analysis of experimental data have been
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modified considerably, the data analysis procedure using FEA
is described in detail in the following. In order to derive the
stress versus strain curve of the nanowire from the nanoindenter
tip load versus displacement data, two parameters, namely,
1) the ratio of the force acting on the sample to the indenter
tip applied load, i.e., the force conversion coefficient (C'r), and
2) the ratio of the sample-stage shuttle displacement/sample
elongation to the nanoindenter tip displacement, i.e., the dis-
placement conversion coefficient (Cp) must be determined.
The values of C'r and C'p depend upon device stiffness and the
stiffness of the specimen being tested (henceforth referred to
as the sample stiffness). The sample stiffness can be estimated,
using a finite-element model, from the system stiffness (K)
defined as the ratio of the applied load to the displacement of
the indenter tip, a parameter that can be ascertained from the ex-
perimental load versus displacement curve. The behavior of the
device, clamped with a virtual nanowire sample, was modeled
using ANSYS in order to generate three curves, namely, the
system stiffness (Ks) versus sample stiffness curve [Fig. 4(a)],
the force conversion coefficient (C'r) versus sample stiffness
curve [Fig. 4(b)], and the displacement conversion coefficient
(Cp) versus sample stiffness curve [Fig. 4(c)]. By interpolation
of the latter two curves using the value of sample stiffness
obtained from the first curve, the values of Cr and Cp for a
given experiment were determined.

Because of the device’s planar beam-based geometry, a
2-D FEA model was constructed using ANSYS Beam 32
elements. Material nonlinearities were ignored, since the device
layer was made of single-crystal silicon, which is linear elastic
at the temperatures at which the experiments were conducted.
However, since large deformations might occur as the indenter
load increases, geometry nonlinearities were considered in
the analyses. For all the analyses, the Young’s modulus and
Poisson’s ratio of single-crystal silicon ((100) orientation) were
set equal to 160 GPa (obtained via nanoindentation of the
device layer after fabrication) and 0.278, respectively [13].
Virtual nanowires (treated as ANSYS Link 1 elements) with
a Poisson’s ratio set equal to 0.310 (the value for nickel) [14]
were used to model the device behavior in the presence of a
sample.

III. DEVICE APPLICATION
A. Sample Positioning and Clamping

Sample positioning, in this case, refers to the placement of
a 1-D nanomaterial at the desired location with micrometer
resolution. The fact that the specimens must be freestanding,
clamped at both ends, and well aligned in the tensile direction
makes sample positioning and clamping quite a challenging
task. The novel technique that was adopted in order to mount
the Ni nanowires is thus described here in brief. A portion of
each sample-stage shuttle was coated with a thin layer of epoxy
(HARDMAN Water-Clear Epoxy). A droplet from a nickel
nanowire solution, containing (112)-oriented nanowires grown
via electrodeposition [15], was first dispersed in isopropanol
by ultrasonication for 5-10 min. A drop of this dispersion was
deposited on top of a Si wafer coated with a 5-nm-thick layer of
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Fig. 4. (a) System stiffness K5 versus sample stiffness curves, (b) force con-
version coefficient (Cr) versus sample stiffness curves, and (c) displacement
conversion coefficient (C'p) versus sample stiffness curves, as obtained using
FEA (the red and black curves correspond to 9 = 0.5-pm-thick generation II
devices that were composed of eight inclined beams making angles of 60° and
45° with respect to the sample-stage shuttles, respectively). (d) C'p plotted as
a function of indenter load for a 9 & 0.5-pm device [similar to the ones used
in all the experiments reported in this paper; see Fig. 1(e)] in the absence of a
mounted sample. The red points show the values of C'p, as obtained from FEA.
The black points show the values of C'p obtained via analysis of SEM images
captured during indentation.
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titanium. Individual nanowires, ~ 15 pm long and 200-300 nm
in diameter and, hence, visible under an optical microscope,
were subsequently picked up and placed across the shuttles
using micromanipulators housed within a probe station (The
Micromanipulator Company, Carson City, NV). Tungsten tips
(The Micromanipulator Company, Carson City, NV) were used
to perform the manipulation of the nanowires, since they were
found to attach to the tips via electrostatic interaction. The
epoxy layer, upon hardening, acts as a clamp for the tensile
specimens.

B. Testing Procedure

The tensile experiment on the clamped nanowire was per-
formed within a SEM (FEI Quanta 400 high-resolution field-
emission SEM, FEI Company, Hillsboro, OR) equipped with
an InSEM Indenter (Agilent Technologies, Oak Ridge, TN)
system. A blunt cube corner nanoindenter tip was used to
perform the indentation. 9 4+ 0.5 pum thick devices with eight
45° inclined beams attached to the sample-stage shuttles were
used for all the experiments described in this paper [Fig. 1(e)].
The nanoindenter tip was first aligned with the top shuttle of
the device in order to make sure that the sample-stage shuttles
moved symmetrically. This was done with the help of alignment
holes that had been incorporated in the device design. Once
this was done, the electron beam was focused on the nanowire
specimen in order to monitor its deformation as a function
of load. The indentation was performed in the load-controlled
mode, with the loading rate being held at a constant value
of ~30 uN/s (corresponds to a strain rate of approximately
0.007/s). The maximum load applied on the device was 2 mN.
Once this value was reached, the load was held constant for
0.5 s; this was followed by an unloading step at the aforemen-
tioned rate. A thermal drift correction hold step was performed
at 10% of the maximum applied load for about 50 s in order to
account for small amounts of thermal expansion or contraction
in the test material and/or indentation equipment.

C. Error Analysis

The technique outlined in this paper can be used to ascertain
the value of the Young’s modulus (F) of a 1-D nanomaterial
using

o F,JA CpF,L

F=—-= =
3 AL/L CDylA

6]

where C'r and Cp are, as stated previously, the force and dis-
placement conversion coefficients, respectively; I, is the force
applied by the indenter; y; is the displacement of the top shuttle
(assumed to be equal to the displacement of the nanoindenter
head); and L and A are the sample length and cross-sectional

area, respectively. Thus, the uncertainty in the determination of
the value of F/, AF, can be computed using

(AB) = (;Ci) (ACK)?

+< oL )2 (ACp)*+ (aE)Q (AF,)?
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(B8 (3 0
+ (gi)g (AA)?

o[ (ACE\? [ACH\? [AF\?
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The relative uncertainty in the value of E can be expressed as
(3), shown at the bottom of the page.

The uncertainties in the values of Cr and Cp arise from
two sources, namely, random errors, such as variation of de-
vice thickness, and systematic errors, such as misalignment of
indenter tip and/or specimen. The uncertainty in the value of
C'r was estimated via FEA. For all the devices fabricated, the
thickness variation was about +0.5 pm, the angles of indenter
tip misalignment was assumed to be less than 5°, the lateral
misalignment of the indenter tip with respect to the center of the
top shuttle was assumed to be less than 5 um, and the angles of
nanowire misalignment was assumed to be less than 10°. The
results of an error analysis conducted using FEA indicated that
the error in the value of C, as a result of the aforementioned
factors, would be less than 13% for a device with a mounted
sample having a stiffness equal to 1500 N/m. In other words,

ACF/Cp = 13%.

The error in the value of Cp was estimated by comparing
the results of FEA with those obtained experimentally via
indentation of a stand-alone device (device having no specimen
attached to it). The values of Cp for the stand-alone device, in
the load range of 0.25-2 mN, were obtained by loading it to
preset levels, followed by acquisitions of high-resolution im-
ages of the sample-stage shuttle gap. The average experimental
Cp value (0.96), when compared to the value obtained by FEA,
yielded an error value of

ACp/Cp = 2%.
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the first 7.5 s of an experiment performed on a 298-nm-diameter sample. The
inset shows the load versus displacement curve for the entire loading part of
the experiment. (b) SEM video snapshots show the aforementioned specimen
during the tensile testing experiment.

The uncertainties in the measurement of force F,, and dis-
placement y; arise mainly due to the precision of the nanoin-
denter. The force and displacement resolution values for the
InSEM indenter are 69.4 nN and 0.8675 nm, respectively.
The maximum force applied by the indenter and the maxi-
mum indenter head displacement (before sample failure) for
a representative experiment conducted on a nickel nanowire
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Fig. 6. Engineering stress versus strain curves for the nanowire specimens
(results summarized in Table I), as derived from the indenter load versus
displacement data [see Fig. 5(a)]. The red curve corresponds to a 263-nm-
diameter specimen, the blue curve corresponds to a 298-nm-diameter specimen,
and the black curve corresponds to a 215-nm-diameter specimen.

were approximately 0.13 mN and 100 nm, respectively.

Hence,
AF, ’ _
F, o

2 2
Ays _ (08675 nm <1x10-4,
Y1 100 nm

69.4 0N \?
il 1x 1074
<0.13mN> < 1x10

The uncertainties in the measurement of sample length and
diameter arise from the pixel resolution of the SEM micro-
graphs, which, in this case, is about 10 nm. Since the gauge
length and diameter of the sample are on the order of 4 um and
300 nm, respectively,
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The value of the relative uncertainty (error) in the mea-

surement of sample Young’s modulus is thus about 14.73%
(3). Clearly, the primary source of error is associated with the
force conversion factor C'r and is produced by the uncertainties

introduced by fabrication, sample manipulation, and the exper-
imental setup.

IV. RESULTS AND DISCUSSION

The indenter load versus displacement curve for one of the
three tests reported in this paper is shown in Fig. 5. The nickel
nanowire specimen used for this experiment was about 12 pum
long and had a diameter of 298 nm. The gauge length of the
specimen, i.e., the distance between the clamping points, was
ascertained by observation of the side profile of the sample
across the sample-stage gap under a SEM and was found to
be equal to 3.1 um. The slope of the load versus displacement
curve before and after sample failure was used to determine
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TABLE 1
TABLE SHOWS THE NANOWIRE PROPERTIES DETERMINED FROM THE STRESS—STRAIN CURVES SHOWN IN FIG. 6

Sample Diameter (nm) Young’s Modulus (GPa) Ultimate tensile strength (GPa) Failure strain (%)

298 56.879 1.472 2.66
215 55.556 1.896 4.0
263 62.993 1.35 2.11

the stiffness of the device in the presence of and after the
failure of a mounted specimen. The initial slope of the curve
(1259 N/m) corresponds to the stiffness of the device in the
presence of the specimen before failure. A sudden change in
the slope of the indentation curve occurs at a load value of
about 0.114 mN, which is indicative of the nanowire sample
failure. This phenomenon was independently verified from the
sample deformation video. It occurs because, once the sample
fails, the slope of the curve (155 N/m) must become equal
to the stiffness of the device in the absence of a mounted
sample, viz., 154.03 N/m as per the finite-element model [see
Fig. 4(a)]. By interpolation, using the value of the slope before
sample failure, of the system stiffness (K) versus sample
stiffness curve [Fig. 4(a)], the sample stiffness was determined
(1211 N/m). The values for Cr and Cp were subsequently
determined [using the curves shown in Fig. 4(b) and (c)], and
the stress versus strain curve (see Fig. 6) was plotted. The
stress strain curves for two other samples were obtained in a
similar fashion. One of the samples tested was found to have
undergone small amount of plastic deformation (black curve in
Fig. 6). In this case, two separate sets of values for C'r and
Cp, obtained using two values of K, were used to derive the
stress versus strain curve, since the obtained experimental curve
clearly demonstrated bilinear features. The measured apparent
Young’s moduli (see Table I) for the Ni nanowire specimens
from our experiments (equal to the slope of the stress versus
strain curves shown in Fig. 6) were found to be about 25%
of that of single-crystal Ni along the [112] direction, viz.,
232.5 GPa [16]. Another feature that was revealed during the
experiments was that the nanowires did not fracture until the
value of applied stress reached a value greater than 1.3 GPa.
The ultimate tensile strength values for the samples tested were
found to be much higher than the ultimate tensile strength of
Ni in bulk form, i.e., 140-195 MPa [17]. This phenomenon
is attributed to the fact that when materials are scaled down,
their strength approaches the theoretical strength, viz., approx-
imately one-tenth of the Young’s modulus [9].

V. CONCLUSION

As is evident from the previously described tests, the novel
device and associated method outlined in this paper are conve-
nient for carrying out tensile tests on 1-D nanomaterials such
as metallic nanowires and nanotubes. The primary advantages
of the technique are its simplicity and its capability to produce
high-resolution quantitative data while enabling real-time ob-
servation of the sample deformation process. One must note
that while the microdevice used for the experiments described

in this paper has been discussed in the context of in situ SEM
tensile testing, a large number of related applications have been
envisioned.
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