DETERMINATION OF MECHANICAL PROPERTIES BY INDENTATION IN NANOSCALE METALLIC
WIRES USING ATOMIC FORCE MICROSCOPY

Evan Malina — URECA 2009 Proposal
Background and Justification

Nanotechnology is a rapidly emerging set of technologies based upon nano-scale atomic devices and material
phenomena [1]. Nanomaterials, such as nanoscale wires, are created with diameters as small as tens of
nanometers, which is only a few hundred atoms across. Over the past five years, the effect of sample size on
mechanical properties in metals has been an active area of research [2-5]. This all resulted from the guarantee
that scaling laws established on metals were no longer valid on the nanoscale and, therefore there are new
mechanisms and unknown properties that have yet to be discovered in this class of materials.

Nanomaterials are useful because of the extraordinary properties they possess. They exhibit ultra-high strength
and hardness, and can be strongly ductile at low temperatures [2]. These properties could lead to many important
technological advances, but as the materials have become smaller they have become increasingly difficult to work
with and study. Present knowledge of material properties at these nanoscale sample sizes are based solely upon
numerical methods and theory without any experimental confirmation. Literature on atomistic simulations of
metal nanowires [6-10] with a diameter below 50 nm predicts a combination of ultra-high strength and enhanced
ductility simultaneously. However, research attempts made to address this question experimentally have
remained elusive for nanowires below 200 nm in diameter.

With recent research advances and acquisition of new instruments, the University of Vermont is in a fairly unique
position to explore the effects of size on material properties at the nanoscale. The first hurdle in exploring these
nanomaterials was to create them; however this was accomplished by Burchman [11] during his honors thesis at
UVM in 2007-08. These wires were created using the synthesis of single crystal Ni nanowires by electrochemical
deposition and these wires have diameters varying between 20 and 200 nm(Figure 1a). Atomistic simulations of
crystal plasticity by nanoindentation of Ni nanowires have also recently been performed by Dupont and Sansoz
[12]. With the new instruments available, these results could be experimentally confirmed; a world first. The
possibilities available through the development of new nanomaterials are unprecedented and significant. This
research is a step to further understand these materials and to explore their incredible possibilities.
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Figure 1. Nanoscale Ni wires grown by electrodeposition in the Sansoz group [11]. (a) A bundle of 200-nm-
diameter Ni nanowires on a Cu grid for scanning electron microscopy (SEM) characterization. (b) A nanowire
clamped by electron beam lithography for atomic force microscope (AFM) characterization. (c) Four
nanoindentations on a Ni nanowire performed by a diamond-tipped AFM cantilever.



Hypothesis

e The hardness of metallic nanowires can be determined using nanoscale indentation techniques
e Nanoscale indentation can be performed by using an atomic force microscope with custom probes

Objectives
This URECA award will enable me to achieve the following objectives in this research:

e To measure the hardness of a Ni nanowire by using a diamond tipped atomic force microscope (AFM)
cantilever.

e To experimentally determine the relationship between wire diameter and hardness in single-crystal Ni
nanowires of diameter 20 nm to 200 nm.

Procedure and Methods

Background on atomic force microscopy. AFM technique traditionally is used to create three dimensional images
of surface areas on the nanoscale. These topographic images are created by moving a sample back and forth
under a diamond probe made of a sharp pyramidal tip at the end of a Si cantilever beam. The sample is moved
very precisely by a piezoelectric cylinder that expands and contract given different voltages, thus scanning a
programmed area (Figure 2a). As the piezoelectric cylinder moves the sample, a Si cantilever deflects as it
encounters ridges. A laser beam is pointed at the top of a cantilever that reflects into a photo-sensor, which reads
the deflection precisely. The force applied by the cantilever can also be calculated simply from the deflection
because its mechanical response is known to be elastic.

For nanoscale imaging, an AFM has a tapping mode where the probe hits the surface of a sample at an
intermittent, low-force as not to damage the specimen. After creating a 3-D image of the area, the probe can be
programmed to perform nanoindentations at specific locations on the sample with larger forces. Material
properties can then be determined by measuring the different indentation areas with the corresponding, known
force applied.
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Figure 2: (a) Principle of atomic force microscope cantilever for nanomechanical analysis of materials. AFM
cantilever images by (b) scanning electron microscopy, and (c) SolidWorks® 3D modeling.

Stage 1 — AFM-enabled Nanoindentation Testing. |t is difficult to indent a wire since it is hard to guide the probe
into the nanowire. Figure 1b shows a nanowire clamped on both sides by deposition of a poly(methyl
methacrylate) (PMMA) film using electron beam lithography onto a flat Si wafer. This nanowire is approximately
200 nm, but the new nanowires that are being created are on the scale of 20 to 200 nanometers.

Since nanowires are currently being created, and the process to clamp the nanowires to silicon is already being
implemented in the advisor’s laboratory, my research will primarily focus on the implementation of the
indentation technique for nanowires. This will be accomplished by first imaging the area with the AFM. A new
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AFM probe with a three-sided, diamond, pyramidal tip and sapphire cantilever (Figure 2b) will be purchased (see
budget below) and custom made by Micro Star Technologies. With the 3-D image, the probe can be programmed
to indent the nanowire at a set velocity and position with the piezoelectric cylinder. The force can be calibrated by
first applying the force next to the wire on the Si wafer as seen in Figure 1c [11]. The polished silicon wafers are
purchased, and their properties are known, making for a simple calculation to find the force through the size of the
indentation. The size of the indentations left by the tip will be measured by the tapping-mode on an AFM at the
relevant wire section. The indentation area will be similar to that of a triangle; and with the given scale on the
image — the area will be calculated by image analysis software. A Matlab® program will be developed to further
analyze the data given the position and velocity of the sample for the force, and the indentation areas of both the
silicon wafer and the nanowire. This program will be adapted and enhanced from the preliminary work by
Burchman [11].

Stage 2 — Modeling and Test Analysis. The deflection of the cantilever and probe by the nanowire will be modeled
using ABAQUS® a Finite Element Analysis (FEA) program. The probe will be modeled from measurements with the
SEM using SolidWorks (See for example Figure 2c). This modeling will help refine the calibration of indentation
tests and improve the accuracy of the experimental results. The cantilever elasticity (i.e., force constant) will be
determined during this iteration as well.

Stage 3 — Measuring Size and Crystal Orientation Effects. AFM-enabled indentations will be performed on [111]-
oriented Ni nanowires whose diameter will vary from 20 nm up to 200 nm. A priori, the crystal orientation of the
wires with respect to the probe will be unknown except for the wire axis (i.e., [111]). Therefore, a series of tests
will be performed on multiple nanowires of same diameter in order to determine the effect of crystal orientation
on hardness. This data will be compared directly to the results of atomistic simulations currently performed by a
graduate student in the Sansoz Group [12].

Interpretation of Results

After measuring the hardness for a series of Ni nanowires, a relationship between diameter and hardness will be
established and compared to atomistic simulations performed by others. It is believed that hardness will approach
an asymptote as a function of penetration depth. If the hardness of the nanowire does indeed follow this curve —
these results will be very valuable to advances in nanotechnology. The hardness along the asymptote will be the
defined hardness for that given diameter and these values will be the hardness’ plotted on the curve. In diameters
of centimeter or greater scale, the hardness increases as diameter increases, but none of this has been determined
on the nanoscale. As stated earlier, the behavior of nanoscale wires has yet to be experimentally confirmed, and
these findings would help the nanotechnology industry tremendously by allowing them to maximize the strength
and produce the longest lasting nanoscale product, it may even allow for the exploration of new nanomaterial
uses.
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