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In situ deformation of silicon nanospheres
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Abstract As a natural response to the ongoing trend of
device miniaturization, many effects of scaling on the
properties of materials have become well documented.
However, the mechanical properties of individual nano-
particles are not well understood and the direct observation
of nanoparticle deformation has only recently been
achieved. This work investigates the mechanical behavior
of silicon nanospheres in the transmission electron micro-
scope (TEM) using an in situ indentation sample holder. In
situ TEM studies provide information which is not acces-
sible by more traditional means, including particle orien-
tation prior to deformation and the type and location of any
preexisting defects. In this study, isolated nanoparticles
were located and compressed between a diamond tip and a
sapphire substrate. Here, the deformation behavior of
individual particles is investigated and analogous strain
fields between small particles are discussed.

Introduction

Understanding the mechanical properties of nanoparticles is
crucial for various applications where nanoscale contacts
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between freestanding structures are important. For example,
one of the main hurdles for the mass production of
microelectromechanical systems (MEMS), whose compo-
nents approach the nanoscale, is mechanical integrity
issues due to the wear of rubbing surfaces [1]. Despite the
growing interest in the novel properties of nanoparticles
and nanostructured materials, the mechanical properties of
nanoparticles are still relatively poorly understood mainly
due to the practical difficulties in investigating individual
particles. Though the length-scale dependence of the
mechanical properties of nanoscale materials has been
thoroughly investigated [2-8], those of individual nano-
particles have seen very little attention. The few studies
that have interrogated individual particles [9, 10] have
employed more traditional nanoindentation instruments
which themselves have certain inherent limitations for
nanoparticle studies. Using these methods it is impossible
to accurately identify preexisting defects in the particle or
to determine the orientation of the particle with respect to
the loading axis, both of which are critical in quantifying
mechanical behavior. To overcome these issues, the sample
must be imaged in the TEM while being deformed, which
requires a unique sample holder.

TEM sample holders can be designed to allow various
processes to be performed while viewing the sample in the
TEM. As the demand for new types of studies grows, new
holders are being developed and relatively standard holders
are being used in new ways. One major development in
TEM holder design in recent years is the incorporation of a
variety of scanning probe systems with TEM sample
holders. Building a scanning tunneling microscope (STM)
into a TEM holder [11] has allowed nanoscale positioning
and probing of materials. In the late 1990s the STM-TEM
holder was used to investigate the quantum effects in gold
wires [12—-14] and the properties of carbon nanotubes [15],
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and more recently a similar STM-TEM holder has been
used to probe individual semiconductor nanowhiskers [16].
In 2001 Erts et al. [17] demonstrated the capabilities of an
atomic force microscope (AFM) coupled with the TEM
holder by replacing the STM tip (of a STM-TEM holder)
with a standard AFM cantilever, thereby allowing force
measurements to be obtained while simultaneously imag-
ing the tip and sample shape, contact area, and elastic or
plastic deformation. However none of these SPM holders
are designed to allow a substantial load to be applied to the
sample. The in situ indentation holder, on the other hand,
permits direct observation of deformation mechanisms in
the TEM. The development of the holder was first
described by Wall et al. in 1995 [18]. In an initial study
[19], the indentation and fracture of a silicon wedge was
probed by an ion etched sapphire tip in situ in a high
voltage electron microscope (the Kratos 1.5 MeV). Build-
ing on this design a new nanoindentation holder was con-
structed for a 200 keV JEOL 200CX TEM, which allowed
for both coarse and fine movement of the tip in three
mutually orthogonal directions [20]. This holder has been
used to investigate dislocation nucleation and motion in
silicon and aluminum [21, 22]. Here an indentation holder
is used to investigate the mechanical behavior of individual
silicon nanospheres. However, since the nanoparticles are
very small compared to the tip, the nanoparticle would
more accurately be described as having been compressed.

Experimental procedure

For this study, spherical silicon nanoparticles were
produced by the hypersonic plasma particle deposition
(HPPD) process, which is designed for high output of par-
ticles with a controllable size distribution, chemistry, and
structure [23, 24]. The particles produced by this system are
spherical and occasionally contain twin boundaries and
stacking faults [25-27]. Initial studies using traditional
nanoindentation instrumentation also suggest that the
particles have enhanced mechanical properties when
compared to bulk silicon [10]. The silicon nanoparticles
were deposited on a wedged sapphire substrate, which was
then mounted in the TEM holder, and analyzed in a JEOL
3010 TEM operating at 300 kV. The holder is designed
such that the incident electron beam is perpendicular to the
loading direction of the tip and parallel to the sample sub-
strate, such that both the tip and the sample are visible in the
TEM image (Fig. 1). The diamond tip used had a nominal
tip radius of 300 nm. Using this design it is possible to
locate and probe an individual particle unambiguously, and
the sample deformation process can be monitored in real
time in the TEM using a Gatan 622 intensified television
camera and videocassette recorder. The nanoparticles were
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compressed by a Berkovich-geometry diamond tip, doped
with Boron for electron conductivity in the TEM. The tip is
first coarsely positioned using manual screws, then finely
positioned in the x, y and z directions using a piezoceramic
actuator, and can be brought into the same plane as the
particle by monitoring the objective lens focal difference
between the tip and the chosen particle. When both the tip
and the particle are in focus they are in the same plane.

Silicon nanospheres were also deposited directly on a
copper TEM grid with an amorphous carbon support film.
Unlike the sample prepared for the single-tilt in situ holder,
this sample can easily fit in a traditional double-tilt TEM
holder. Using this sample, contact between adjacent parti-
cles was investigated.

Results

With the experimental setup described it is possible to
select a single nanoparticle and compress it between the
sapphire substrate and the diamond tip. A single particle
can be used to illustrate both elastic and plastic deforma-
tion and to demonstrate the ability to contact the same
particle with the diamond tip multiple times. Controlled
particle contact, causing elastic deformation, was possible
as illustrated by a series of frames from a video of the
particle as it was contacted, elastically deformed, and then
released (Fig. 2). It was then possible to plastically deform
this same particle by contacting the particle a second time
and loading further, as illustrated in Fig. 3. A second
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Fig. 1 Schematic of the end of the in situ indentation holder. The
electron beam is perpendicular to the plane formed by the particle and
the diamond tip. The nanoparticle size is exaggerated for demonstra-
tive purposes
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Fig. 2 Elastic contact of a nanoparticle. Prior to contact (a) the
contrast in the particle is uniform. Strain fields can be observed as the
tip contacts the particle (b), but are released as the tip retracts (c)

Fig. 3 (a) Bright field image of
a particle prior to deformation.
(b) Dark field image of the same
particle after compression
showing the large area of plastic
deformation which has been
created. This particle has been
tilted slightly, but is the same
particle shown in Fig. 2

particle was compressed to the point of fracture, as shown
here by a series of still frames extracted from a video of the
deformation process (Fig. 4a—c), where the moment of
fracture was determined by monitoring the bands of con-
trast created by the bending of lattice planes on contact by
the diamond tip. In situ frame by frame analysis also
demonstrated a slight widening of the particle (~5%) when
comparing Fig. 4a—c. Also, aside from those formed during
compression, strain fields were present when one particle
directly contacted a second particle, rather than the dia-
mond tip. If twin boundaries are present in one of the
contacting particles they frequently terminate at the parti-
cle-particle contact point. Since these particles are not
subject to external forces, and are therefore in equilibrium,
it is possible to calculate their surface energies using well-
developed contact mechanics theories.

Discussion
Elastic and plastic deformation

The first particle shown in Figs. 2 and 3 was first elastically
and then plastically deformed upon contact by the tip. In
Fig. 2a the particle has not yet been contacted by the tip but
in Fig. 2b the tip has just come into contact with the par-
ticle and bands of contrast can be seen in the particle at the
point of contact. These bands of contrast in the image are
strain fields which result from the local bending of the
lattice planes. As the tip was retracted (Fig. 2c) these strain
fields disappeared, indicating a reversible, i.e. an elastic,
deformation. This same particle was then contacted a
second time, but compressed further and plastically
deformed. Figure 3a shows a bright-field image of the
nanoparticle prior to deformation, where the concentric
thickness fringes in the particle confirm its spherical shape,
and the dark-field image shown in Fig. 3b illustrates the
plastic deformation induced upon further deformation.
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Fig. 4 Just before the moment of fracture (a) large strain fields are
present in the particle which have partially disappeared one frame
later in (b). In (c) the strain has been further released, indicating that
fracture has occurred. This is not an artifact caused by the tip simply
losing contact with the particle, since the particle later fractures into
two pieces. Also note that the particle width increases as it is
deformed over this time

The fracture of the second particle can be illustrated by a
series of still frames taken from a video of the deformation
event, where the time between each frame is one-thirtieth
of a second (Fig. 4). In this series of frames the exact
moment of fracture can be visualized. As with the previous
particle, when the diamond tip was brought into contact
with a single silicon nanoparticle, and strain fields are
visible in both the particle (at the both the particle/substrate
and particle/tip contacts) and in the diamond tip (Fig. 4a).
Here the strain fields are significantly larger than those
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shown in the previous particle because this particle is about
to fracture. The strain fields are created when the tip first
contacts the particle and grow as the particle is compressed
further. In Fig. 4a there is considerable strain contrast
visible in the particle (prior to fracture), which is just
beginning to be released in Fig. 4b, and has further
decreased in Fig. 4c. The strain release in that fraction of a
second indicates that fracture has occurred. Also, the par-
ticle appears progressively wider as it is compressed,
having increased its apparent diameter by 10 nm in only
one fifteenth of a second, while the smaller undeformed
particles sitting approximately ~200 nm away in the cam-
era’s plane of view have not changed. (These smaller
particles do not interfere with deformation since they lie in
different planes, as indicated by the Fresnel fringes.) Fig-
ure 5 illustrates that the strain release is not an artifact
caused by the tip having lost contact with the particle, as
the particle has fractured into two pieces.

After determining the moment of fracture it then
becomes possible to determine other parameters including
the total amount of deformation, the amount of strain prior
to fracture, and the contact area at fracture. This particle
was compressed nearly 30 nm prior to fracture, equating to
a compressive strain of 13% in the center of the contact.
While strains of this magnitude are uncommon for brittle
materials such as bulk silicon, micro- and nanoscale
structures of single crystal silicon do fatigue and fail sim-
ilar to metallic materials [28].

Particle—Particle Contacts

Strain fields observed in nanoparticles are not limited to
those formed due to compression. Strain fields are also
present when one particle is in direct contact with a second
particle. Since it is more energetically favorable for two
contacting particles to contact across an area than at a
single point due to surface forces, strain fields generated
from elastic deformation form at these contacts. A strain
field is created which is compressive at the center of the
contact and tensile towards the edges. This is equivalent to
the initial instant of contact in the compression experiments
detailed above. Figure 6 shows one large particle contact-
ing two slightly smaller particles with strain fields present
at both contacts. These particles are under no externally
applied loads, and thus at equilibrium. Similar fields have
been observed in various nanoparticle systems including
gold, cobalt, nickel and iron [29-32]. These observed strain
fields can provide quantitative information concerning the
particles as described by Tholén and Yao [31]. They apply
the Johnson—Kendall-Roberts (JKR) model [33] to esti-
mate the particles’ contact stress distribution and surface
energy [34]. JKR analysis modifies the standard Hertzian
contact of two elastic spheres by accounting for surface
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Fig. 5 After further compression the particle has unambiguously
fractured into two pieces

energy, which increases contact area at low loads and
explains particle-particle adhesion at zero load. Since there
is no external load, the appropriate relationship, as shown
in Appendix A, is

Ea’
= 29 — e 1
Vett Vs ygb 97'CR2(1 _ vz) ’ ( )

Here, v, is the surface energy of the sphere, E is the
elastic modulus, v is Poisson’s ratio and R is the effective
radius of the two particles calculated from Hertzian contact
mechanics as
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Fig. 6 A larger nanoparticle is contacting two smaller particles;
strain fields are present at each contact

Fig. 7 Two contacting particles, which have come into contact at a
twin boundary. There is no noticeable strain at the contact point

Equation (1) reduces the effective surface energy by a
factor of four when compared to that obtained from Eq. (3)
in the Appendix, but of course the decrease in a. to dugpn
compensates for that [35]. In Fig. 6, the two particles have
radii of R; = 133 nm, and R, = 98 nm, giving an effective
radius of R = 56.4 nm. The contact radius due to adhesion
between the particles is measured to be approximately
14 nm. This gives a value for y of 2.35 J/m?® assuming
standard values for elastic modulus and Poisson’s ratio of
silicon to be 160 GPa and 0.218, respectively. This is a
realistic assessment of particle surface energy since in
general, nanoparticles can have energies up to an order of
magnitude higher than their bulk counterparts [36], and
2.35 J/m?* neglects the grain boundary energy, Ves» and is
close to the accepted value for bulk silicon of 1.56 J/m?.

Twinning is also occasionally observed in the nano-
spheres, and twins which terminate at particle-particle
contact points are observed frequently (Fig.7), a phe-
nomenon also observed in similar systems of metallic
particles [30]. One explanation suggests that the contact
stresses between particles could be large enough to create
deformation twins [30]. In the present system it is more
likely that the large majority of these twins are formed
during the growth process. The twin forms a local flat
region in an otherwise spherical particle. The twinned
region thus increases the area of contact with neighboring
particles such that they contact here rather than at another
point on the particle. This is consistent with the lack of
strain fields at the contact point in the case of the twinned
particle.
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Conclusions

The future of nanoscale characterization is now looking to
in situ TEM studies for determining the properties of
nanoparticles, since only then can the phenomenon in
question be observed directly. This study illustrates the use
of an in situ indentation TEM holder in investigating the
mechanical behavior of silicon nanoparticles. In the silicon
particles both elastic and plastic deformation have been
observed, and the exact moment of nanoparticle fracture
has been illustrated. Additionally, particle-particle contacts
at equilibrium provide a means to evaluate the nanoparticle
surface energy by the application of traditional contact
mechanics concepts. The approaches described here can
readily be extended to particles of various sizes, geometries
and chemistries.
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Appendix A

For analyzing the surface energy between two spheres as
shown in Fig. 6, it was first considered that the result
represented by Johnson’s Equation (5.51) in Ref. [35]
could be utilized directly given by

4E*a?

R 3)

Veft = 2?5 - ng

where 7y, is a grain boundary energy. In using the value of
R equal to 56.4 nm from Eq. (2) this gave too large a result
since the contact radius used, a., was that at zero load
while Eq. (3) is appropriate to a,q, at the maximum neg-
ative tensile load necessary to separate the particles (rep-
resented by Pt. B in Fig. 5.8, Ref. [34]). Using the JKR
result [33, 35],

PR 3R 61y R (3myeR)
3 eff eff eff
= — |1
C ol e \/ P P?
4)
and setting P = 0 appropriate to Fig. 6, one obtains
67)ee R
a = ;{ . (5)
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With the definition of K = (2/3)(E/(1—v?)), this
becomes

Eag
- B 6
Vet 9n(1 — v2)R? ©)

which is Eq. (1) as utilized in the main text. Equations (3)
and (6) are consistent with Johnson’s Fig. 5.8, Ref. [35].
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