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Deconfinement leads to changes in the nanoscale

plasticity of silicon

Dariusz Chrobak'?t, Natalia Tymiak’, Aaron Beaber3, Ozan Ugurlu3, William W. Gerberich3

and Roman Nowak4i*

Silicon crystals have an important role in the electronics indus-
try, and silicon nanoparticles have applications in areas such as
nanoelectromechanical systems, photonics and biotechnol-
ogy"?. However, the elastic-plastic transition observed in
silicon is not fully understood; in particular, it is not known if
the plasticity of silicon is determined by dislocations or by
transformations between phases. Here, based on compression
experiments and molecular dynamics simulations, we show
that the mechanical properties of bulk silicon3¢ and silicon
nanoparticles are significantly different. We find that bulk
silicon exists in a state of relative constraint, with its plasticity
dominated by phase transformations, whereas silicon nano-
particles are less constrained and display dislocation-driven
plasticity. This transition, which we call deconfinement, can
also explain the absence of phase transformations in deformed
silicon nanowedges’®. Furthermore, the phenomenon is in
agreement with effects observed in shape-memory alloy
nanopillars®, and provides insight into the origin of incipient
plasticity'®-"°.

Extensive work has been carried out on the nanodeformation of
bulk silicon crystal®%. To determine the mechanical response of
silicon nanoparticles, we carried out compression experiments on
nanoparticles with radii R in the range 19-169 nm produced by the
hypersonic plasma particle deposition technique (see Methods).
Load-displacement curves (P-8) demonstrated two types of behav-
iour: nanospheres with R > 57 nm displayed a characteristic pop-in
(PI) event during loading and a push-out (PO) event during unload-
ing, whereas nanospheres with R <57 nm displayed a PI event
during loading but no PO event during unloading (Fig. 1a and
Supplementary Information). Bulk silicon displays PO behaviour®-
(Fig. 1a). When the values of the PO stress and the PI stress are
plotted for the nanospheres and bulk silicon (Fig. 1b), the resulting
graph strongly suggests that a single process (deconfinement from a
bulk state) bridges both phenomena.

The PO singularity of the PI-PO pattern (Fig. la and
Supplementary Fig. Sla) reflects the pop-out or elbow observed
for bulk silicon and constitutes a signature of the onset of the trans-
formation from a B-tin structure (Si-II) to a mixture of Si-XII/III
and amorphous (a-Si) phases®®. PO could therefore point to the
existence of Si-II in either a stressed bulk crystal (Fig. 1a) or a nano-
particle (Supplementary Fig. Sla), whereas the PI phenomenon
(Fig. 1, Supplementary Fig. Sla,b) is unique to silicon nanoparticles.
Furthermore, the suppression of Si-II — Si-XII/III + o-Si trans-
formation in nanospheres (Fig. 1, Supplementary Fig. SIb)
resembles the newly discovered inhibition of a reverse martensitic
transformation in shape-memory Cu-Al-Ni nanopillars’.

Previous electron microscope observations of stressed silicon
nanoparticles were unable to detect unequivocally the underlying
processes!>!¢, so we applied molecular dynamics (MD) simulations
to analyse the atomistic mechanisms responsible for nanoscale
deformation. MD simulations could not be carried out within our
laboratory tests timescale because of the need to resolve atomic-
level displacements®. The deformation of silicon nanoparticles
was therefore approximated by a sequence of transitions between
equilibrium states, which made it possible to follow the structural
changes in the deformed silicon nanovolume given the absence of
thermally activated processes (see Supplementary Information).

The response of stressed silicon nanospheres determined with
the Tersoff potential has previously failed to confirm the existence
of the PI, PI-PO and PO singularities'® observed experimentally
(Fig. 1), so we modelled silicon crystal using the Stillinger—-Weber
(SW) potential®!, which accurately reflects both the elastic behaviour
and the generation of lattice defects??. Compared to the Tersoff*®
and environment-dependent®* potentials, the SW potential provides
the closest match to ab initio dislocation nucleation results? in
defect-free silicon. The deformation history of a silicon nanosphere
compressed between two rigid plates (Fig. 2a) has been expressed as
a contact pressure versus strain (p.—¢) relationship derived from
MD simulations (see Methods). The initial elastic behaviour of
silicon nanoparticles (Fig. 2b) is in accordance with the prediction
of classic continuum mechanics expressed by the Hertzian
equation?, which lends support to our approach.

Young’s moduli (Fig. 2b) calculated for the nanoparticles (Ey; =
122.5 GPa and Eg, = 138.6 GPa) are lower than those for bulk
silicon (160 GPa)!3, and are comparable with the results obtained
by Mo et al.? and Li et al.”’. On the other hand, the confirmed
scaling of Young’s modulus in tandem with the particle size
accounts for the inverse relationship between PI and PO stress
(Fig. 1; see Supplementary Information). Maximum contact press-
ures of 21.3 and 23.5 GPa (Fig. 2b) match the experimentally
observed elevated PI stress of silicon nanoparticles (Fig. 1b).
Notably, these values are approximately twice as high as those for
the hardness of bulk silicon (12 GPa). Moreover, the sudden
pressure drop revealed by our simulations (Fig. 2b) is equivalent
to the PI observed during the nanoindentation experiments and is
attributable to the onset of plasticity in defect-free crystals!®-14171%,
Correspondence between the experimental PI stress (~25 GPa) for
the smallest nanosphere (R = 19 nm, Fig. 1b) and the MD-modelled
PI contact pressure (Fig. 2b) is further proof of the validity of our MD
procedure with the SW potential.

A deeper insight into the peculiar response of silicon nano-
spheres (Fig. 1) can be derived from slip vector identification®® of
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Figure 1 | Mechanical response of nanodeformed silicon from bulk to
nanoparticles. a, P-3 response of silicon deduced from nanoindentation in
bulk3-® and our nanocompression experiments on silicon nanospheres
(Supplementary Fig. S1). A combination of Pl during loading and PO during
unloading is denoted the PI-PO effect. The sequence PO — PI-PO — PI
indicates a transition from bulk to nanoparticle behaviour. b, Results of
nanocompression tests on silicon nanospheres with radii of 19-169 nm and
bulk silicon nanoindentation data®. The Pl-only (green) response is relevant
to the smaller nanospheres (R < 57 nm), and the PO-only (black) record is
characteristic of bulk silicon (R — o). Larger nanoparticles (R > 67 nm)
demonstrate the PI-PO effect (red), covering the transition area between
bulk and pure PI response. As PO marks the Si-Il — Si-XII/Ill + a-Si phase
transition, its gradual disappearance (PO — PI-PO — PI) with decreasing
radius is in accordance with suppression of the reverse martensitic
transformation reported for shape-memory alloy nanopillars®.

the lattice defects. Our results demonstrate that, at the PI stage, a set
of perfect dislocations (Burgers vector length of 3.84 A) is created
inside the silicon nanosphere with a radius of 10 nm (Fig. 2c and
animations in Supplementary Information). Even at the initial
stage of unloading, one of the dislocation loops reaches the
surface and creates a permanent step, thereby producing a tiny
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Figure 2 | Mechanical response of a compressed silicon nanoparticle.

a, MD simulations of silicon nanospheres compressed between two

rigid plates. Displacement & under applied load P is quantified in terms of
&= 8/R strain. b, Contact pressure (p.= P/A, where A is contact area)
versus strain relationship (p.-&) demonstrates that the maximum value of p.
reached in the nanoparticles (21.3-23.5 GPa) is nearly double that

(~12 GPa) of bulk silicon'. Elastic deformation follows Hertzian theory®®
(solid line). After the PI (onset of plasticity), multiple singularities

reflect the nature of plasticity. ¢, Slip vector (SV) analysis of the unstable
dislocation structure of the silicon nanoparticle (R, =10 nm). Perfect
dislocation loops (|SV|=3.8 A, b= [1/2[101]| = 3.84 A, atoms marked in
yellow) nucleate immediately after the Pl (¢ = 0.108), and terminate inside
the nanosphere. After unloading, a majority of the dislocation loops vanish,
whereas those at the nanoparticle surface stabilize, hence the nearly
complete silicon particle shape recovery following a P, referred to as
‘reversible plasticity®.
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Figure 3 | MD-simulated contrasting behaviour of confined (bulk) and deconfined (nanoparticle) silicon. a, Initial plastic deformation of bulk silicon
indented with a diamond sphere (R =10 nm). As strain reaches & = 0.101, the deformed volume under the indentation contact displays no evidence of
dislocations. Coordination numbers ranging from 1to 5 suggest an amorphous structure. b, Plasticity initiation in a compressed silicon nanosphere. Despite
similar levels of strain, the mechanisms of plasticity in the silicon nanoparticle and bulk are essentially different. Plastic deformation in a nanoparticle begins
with perfect dislocation loops (atoms marked in turquoise) joined by stacking fault regions (atoms marked in green). Perfect dislocations to the left and right
of the yellow arrow lie on the (111) and (117) planes, respectively, whereas the stacking fault joining them is positioned on the (101) plane. ¢,d, Distribution of
hydrostatic pressure (o3,) in bulk silicon (€) and in the silicon nanosphere (R=10 nm, d), both strained elastically up to e = 0.0725. Atoms exposed to
pressures higher than |oy,| > 1.5 GPa are marked in colours, indicating a higher stress concentration in confined silicon (c) than in the nanoparticle (d). Note

that both distributions are presented on a common scale.

irreversible deformation (Supplementary Fig. S2). The remaining
dislocation loops contract and disappear, accounting for the par-
tially reversible plastic behaviour confirmed by previous exper-
iments'>!®, and vindicating the results of our simulations. The
slip vector also uncovered differences in the structure stability of
two silicon nanoparticles (R; =5.16 nm, R,=10nm) within
the group that exhibited a PI response (Fig. 1). The onset of
plasticity in the smaller of the two nanospheres therefore
involved the creation of a stacking fault, in contrast to the behaviour
of the larger nanosphere described above (for details see
Supplementary Information).

Silicon nanospheres are therefore behaving like a material of a
different order, namely, with dislocation activity playing a crucial
role in their mechanical response (Fig. 2c). This contrasts with the
commonly recognized dominance of phase transformation in the
plastic deformation of bulk silicon®®. It also contrasts with
the phase-transition-type deformation discovered for nanoscale
GaAs crystal'”!®. Why, therefore, should the phase transformation
(which resembles the suppression of the martensitic transformation
in CuAINi nanopillars’) fail to occur during the testing of silicon
nanospheres with radii below 57 nm (Fig. 1b)?

From our results (Figs 1 and 2, and Supplementary Figs S1 and
S2), we can suggest that the observations do not stem exclusively
from the size of the deformed volume (size effect) but from the
fact that it terminates on the free surface; that is, the nanovolume in
question is less constrained, being deconfined from the bulk state. The
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behaviour cannot be the result of the well-known size effect®?,
because the nanovolume deformation induced during indentation
of bulk silicon does not produce the PI and PI-PO event.

MD simulations involving bulk silicon (see Methods) probed
with a spherical indenter (radius, 10 nm) confirmed that a dislo-
cation-driven onset of plasticity is unique to silicon nanoparticles
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Figure 4 | Effect of deconfinement of silicon from bulk to nanosphere
viewed in terms of stress analysis. Averaged ratio of hydrostatic (a;,) and
von Mises stresses (o) determined using MD calculations during
consecutive steps of elastic deformation. The {(oy,/0,,,) values calculated for
the nanoparticle (green) are systematically lower than those obtained for the
bulk state (black), which suggests that the silicon particle is prone to undergo
non-dilatational strain rather than the volumetric strain dominant in bulk.
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Figure 5 | Schematic of silicon deconfinement process scaled with the
pressure of the Si-Il — Si-XII/Ill + «-Si phase transition. General
relationship determined by means of nanocompression experiments (green
and red solid lines) for highly deconfined silicon (nanoparticles) appears to
extrapolate for larger nanoparticles (red broken line) towards the data
obtained for bulk silicon deformed by nanoindentation (black area). When
the entire free surface of the bulk is under external high pressure, it is
possible to imagine such a material as being ‘confined to a higher degree’
(with virtually no free surface). This is exactly what happens to silicon
deformed in pressure cell experiments33, in which the characteristic pressure
of the Si-Il = Si-XII/Ill transformation (magenta point) is certainly higher
than for the nanoindented bulk crystal (black area). Note that in the
deconfined state, silicon deforms with the contribution of phase
transformation, but for higher degrees of deconfinement, there is no
transformation at all (green solid line). The schematic thus constitutes a
roadmap for a range of materials deconfined from their bulk state to
nanoparticle, nanowire, nanowedge or nanopillar (cf. ref. 9).

(Fig. 3). The plasticity of the bulk silicon starts from the inception of
an amorphous zone with coordination numbers of the atoms
ranging from 1 to 5 (Fig. 3a), which complies with previous obser-
vations®. The notable difference between the mechanism of plastic
deformation in the nanoindented bulk silicon crystal (Fig. 3a) and
that of the compressed nanospheres (Fig. 3b) demonstrates that it
is difficult to predict the deformation of nanoparticles from the
characterization of bulk surfaces.

Additional insight on the deconfinement effect (see Methods) is
provided by observing the discrepancy in the distribution of hydro-
static pressure generated during an elastic nanodeformation of bulk
silicon on the one hand and the compression of nanoparticles on
the other (cf. Figs 3c and d). In contrast to the highly stressed frac-
tion of bulk silicon restricted to a tiny volume directly under the tip,
the stress in the silicon nanoparticle is spread considerably wider,
involving atoms from virtually the entire particle volume
(Fig. 3d). This happens despite both bulk and nanosphere being
strained to the same degree (& = 0.0725).

Neither the hydrostatic pressure responsible for volumetric
changes nor the von Mises stress accountable for shape evolution
are able, individually, to explain the nature of the observed prop-
erty alteration (Figs1 and 2). Our solution to the problem is to
use an averaged ratio of hydrostatic (o},) and von Mises (o,,,) stres-
ses (Fig. 4), which has proved capable of detecting the dominant
deformation mode for semiconductors®. The (a;,/0,,) values cal-
culated for atoms subjected to hydrostatic pressure in excess of
1.5 GPa (Fig. 3c,d) are systematically lower for nanoparticles
than the bulk state. This suggests that silicon nanoparticles tend
to deform with a limited contribution of the volumetric strain
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that dominates the bulk response. Further stages of loading result
in phase transformation at the onset of plasticity in nanodeformed
bulk silicon, while the increasing role of shearing stress in nano-
particles leads to dislocation-controlled plastic deformation.
Unexpectedly, this result is independent of the orientation (as is
evident in Supplementary Fig. S7), and corresponds with our
experimental data (Fig. 1).

All the above lead us to propose the concept of deconfinement
to reflect a transition from bulk to nanoparticle behaviour, a
process in which deformation is driven by a distinctive set of
mechanisms (Figs 1, 3 and 4), resulting in an alteration of the
properties of silicon. It is therefore deconfinement that leads to a
shift from phase-transformation-dominated incipient plasticity to
a dislocation-driven one, exemplified by the PO — PI-PO — PI
sequence (Fig. 1).

Figure 5 illustrates the generality of the concept, which ranges
from cell pressure experiments® through nanoindentation of bulk
silicon®>® to compressed silicon nanoparticles. Independent
support for the concept is provided by work on both Cu-Al-Ni
alloy nanopillars’ and silicon nanowedges’. Conversely, the
results of our compression experiments (Fig. 1) and atomistic simu-
lations (Figs 2 to 4, Supplementary Fig. S2) have implications for
the work of Minor et al.” and Ge et al.®, whose findings can now
be re-interpreted as an idiosyncrasy of the deconfinement phenom-
enon. Our results were obtained for smooth-surface nanospheres
and thus suggest that no surface singularity is necessary to obtain
dislocation-governed plasticity in silicon.

Methods

Fabrication of silicon nanoparticles and nanomechanical experiments. The
hypersonic plasma particle deposition (HPPD) technique® used for synthesis of
silicon nanoparticles makes use of an argon-hydrogen plasma containing injected
vapour-phase silicon tetrachloride. Silicon nanoparticles were placed on a sapphire
substrate and squeezed in a transmission electron microscope-based indentation
tester. The instrument was equipped with a large-radius diamond tip for
compressing the evaluated nanosphere. The idea of the experiment was to squeeze
the nanospheres between parallel and rigid surfaces. With the help of recorded
load-displacement data, the contact stresses on the investigated nanoparticle were
determined. Contact strains were estimated using the Tabor approximation (for
details see Supplementary Information).

Molecular dynamics simulations. MD computations were performed using the
LAMMPS simulation code (http://lammps.sandia.gov/) for two sizes of silicon
nanospheres (R, = 5.16 nm, 30,691 atoms and R, = 10 nm, 219,277 atoms),
compressed between horizontal plates along the [001] silicon direction and,
additionally, for a block of bulk silicon (27.16 x 27.16 x 22.81 nm?, 615,000 atoms)
indented with a spherical diamond tip (R = 10 nm) in the (001) plane. Interactions
among the silicon atoms within the diamond structure were described using the SW
potential?!. The atomic structure of the deformed silicon volumes was relaxed in
20,000 time steps (in total, 40 ps) for each displacement increment at a temperature
of 300 K. The symmetrical displacement increments of 8, = 0.1 A and 3,=0.25 A
were repeatedly applied to both plates (Fig. 2a), to accomplish the loading path for
the smaller and bigger silicon nanosphere, respectively. This produced strain
increments of Ag; = 0.0020 and Ae, = 0.0025. Interactions between the diamond
and silicon (indenter tip-bulk silicon crystal; rigid plates—silicon nanosphere) were
modelled with the repulsive term of the Lennard-Jones potential (cutoff radius,

4 A). The loading of silicon was characterized by the mean contact pressure

p.= P/A, where the contact area A was estimated by determining the number of
silicon atoms experiencing a non-zero interaction with the contacting surface.

The defect structure was visualized using slip-vector analysis®®, with a slip threshold
value of 1 A. Hydrostatic (o) as well as von Mises (o) stresses generated in the
nanoindented bulk silicon and compressed silicon nanosphere (R = 10 nm) were
determined for the [001], [110] and [111] orientations of the loading axis.

The (0},/0,,) ratio in particular proved capable of detecting the alteration in the
nanodeformation mechanism.
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