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The mechanism of plasticity in nanostructured Si has been intensively studied over the past decade but
still remains elusive. Here, we used in situ high-pressure radial x-ray diffraction to simultaneously monitor
the deformation and structural evolution of a large number of randomly oriented Si nanoparticles (SiNPs).
In contrast to the high-pressure #-Sn phase dominated plasticity observed in large SiNPs (~100 nm), small
SiNPs (~9 nm) display a high-pressure simple hexagonal phase dominated plasticity. Meanwhile,
dislocation activity exists in all of the phases, but significantly weakens as the particle size decreases
and only leads to subtle plasticity in the initial diamond cubic phase. Furthermore, texture simulations
identify major active slip systems in all of the phases. These findings elucidate the origin of plasticity in
nanostructured Si under stress and provide key guidance for the application of nanostructured Si.
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Plasticity is defined as the ability of a material to
accommodate permanent deformation when the applied
stress exceeds its yield strength, which prevents the
catastrophic failure in materials. In brittle materials, the
lack of intrinsic plasticity is a critical challenge when
developing applications, and significant effort has been
devoted to improving their plasticity [1,2]. The plastic
deformation of coarse-grained crystalline materials is
usually controlled by dislocations. For typical metals and
alloys with nondirectional metallic bonding between
atoms, the low-energy barrier for dislocation nucleation
and motion results in excellent plasticity; whereas for
materials with strong, directional covalent bonds such as
Si, Ge, and most ceramics, the dislocation activity is
suppressed, making them archetypal brittle materials.
Interestingly, obvious plastic deformation has been
observed in indentation experiments of bulk Si and Ge
[3.4]. This emerging plasticity during mechanical loading is
critical to the applications of Si [5]. The origin of the
plasticity of Si has attracted extensive research interest
[4,6,7]. For bulk Si, the indentation plasticity has been
mainly attributed to the pressure-induced phase transition
from the brittle diamond cubic phase (Si-I) to the ductile
p-Sn phase (Si-II) under the high stress (pressure)
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during indentation, i.e., phase-transition-induced plasticity
[4,6,7].

Because of the scaling down of Si integrated-circuit (IC)
linewidths to a few nanometers and the widespread appli-
cations of nanostructured Si [8—10], it is critically important
to understand the plasticity of Si at the nanoscale with
domain sizes down to a few nanometers. This has proven
quite challenging—in contrast to the well-known mecha-
nism of plasticity in bulk Si, the response at the nanoscale
has been the subject of much debate with regard to whether
the plasticity is controlled by dislocations or by phase
transitions [11-17]. For example, nanoindentation experi-
ments on SiNPs suggest that the plastic deformation in
large SiNPs (diameters of 67-169 nm) was associated with
both phase transitions and dislocation gliding in the Si-I
phase; whereas for smaller SiNPs in the “deconfinement”
region (diameters of 19-57 nm), the plasticity is only
driven by dislocations in the Si-I phase under extremely
high stress (10-25 GPa), and phase transitions are believed
to be suppressed [14]. Compression experiments on Si
nanocubes (sizes of 20-65 nm) in a TEM also claimed
leading partial dislocations in the Si-I phase are the
dominant source of plasticity [11]. Meanwhile, in addition
to dislocation gliding in the Si-I phase, phase transitions
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such as Si-I to Si-IV (a wurtzite phase) and Si-I to an
amorphous phase were reported in compressed and/or
indented Si nanopillars (diameter ~80 and ~150 nm)
and nanowedges (width ~150 nm); and even dislocation-
initiated amorphization was observed in tension experi-
ments of Si nanowires (diameters below 70 nm)
[13,15,16,18]. In addition to the experimental results,
theoretical results also show disagreement. Molecular
dynamics (MD) simulations using the Tersoff potential
suggested the Si-I to Si-II phase transition initiates the
plastic deformation during uniaxial compression of SiNPs
with diameters up to 10 or 5-40 nm [12,17]. In contrast,
dislocation-driven plasticity was observed in 5 and 10 nm
SiNPs in another MD simulation using the Stillinger-Weber
potential, in which phase transitions are absent [14].

The dramatic disagreement in experimental and theo-
retical results call for in situ experimental studies using
reliable techniques with new capabilities. Since the plastic
deformation of nanostructured Si requires high stress and
may involve phase transitions, we used the in sifu high-
pressure radial x-ray diffraction (RXRD) to simultaneously
monitor the elastic and plastic deformation as well as the
crystal structural evolution of a large number of randomly
orientated SiNPs with two representative sizes (large SiNPs
with average diameters ~100 nm and small SiNPs ~9 nm)
during compression (see Supplemental Material, Fig. S1
for more details of the samples [19]) [20]. This technique
has been successfully used to investigate the elastic and
plastic deformation in a variety of materials, including Ni
nanoparticles, Fe, Zr, MgO, TiN, etc. [21-28]. In contrast
to typical TEM studies that may introduce electron radi-
ation effects and are limited in the number of samples that
can be tested [29], our experiments use hard x rays and are
based on the statistical behavior of a large number of SiNPs
under the same experimental conditions. With quantitative
data, our results show that the plastic deformation of SiNPs
is dominated by pressure-induced phase transitions and the
subsequent significant dislocation activity in the newly
formed ductile high-pressure phase.

In situ high-pressure RXRD experiments on SiNPs were
performed using panoramic diamond anvil cells (DACs)
with a large opening angle in the radial direction, at
beamline 12.2.2 of Advanced Light Source at Lawrence
Berkeley National Laboratory, beamlines 16 ID-B and 13
ID-D (GSECARS) at the Advanced Photon Source,
Argonne National Laboratory, and beamline 15Ul,
Shanghai Synchrotron Radiation Facility. The DAC was
positioned with its compression axis perpendicular to the
incident x-ray beam (see Supplemental Material, Fig. S2
[19]). Uniaxial compressive stress is imposed on the
samples by the two opposed diamond anvils [30].
Samples were loaded into an x-ray transparent gasket
without a pressure medium to introduce deviatoric stress.
Two-dimensional (2D) diffraction images were collected
on a MAR345 image plate or a MAR165 CCD detector

(see Supplemental Material for details of the experimental
implementation [19]).

Figure 1 shows the unrolled 2D diffraction images of the
SiNPs during compression. For the large SiNPs [Fig. 1(a)],
the Si-I phase starts to transform to the Si-II phase at
~8.3 GPa, lower than the transition pressure for the bulk Si
(~12 GPa), mainly due to the high deviatoric stress in the
RXRD experiment [31]. For the Si-I phase, the intensity
along all the Debye rings is always quite uniform, implying
nearly random crystallographic orientations of the particles.
In contrast, the Si-Il phase shows a strong preferred
orientation (texture). For example, the (101) and (112)
Debye rings of the Si-II phase show maximum intensity at
azimuth angles of 0° and 180° (the axial direction, which is
the direction with maximum compression) and minimum
intensity at 90° and 270° (the direction with minimum
compression), and vice versa for (200) and (220). During
plastic deformation, dislocation gliding along slip systems
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FIG. 1. 2D unrolled diffraction images of the (a) 100 nm SiNPs

and (b) 9 nm SiNPs during compression. At the azimuth angle
n=0° (360°) and 180° (along the DAC compression axis,
maximum stress direction), the Debye-Scherrer rings shift to
larger 20 (smaller d spacing). The x-ray wavelength is 0.4959 A.
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usually results in a preferential crystallographic texture
[32]. Therefore, the strong texture in the Si-II phase
indicates extensive dislocation activities during compres-
sion, and consequently, considerable plastic deformation.
This observation is consistent with the Si-II phase being a
metallic phase with excellent plasticity [6]. The strong
texture in the Si-II phase and the absence of pronounced
texture in the initial Si-I phase imply that the high-pressure
Si-II phase dominates the plastic deformation in relatively
large SiNPs, similar to that in bulk Si [4,6].

For the small SiNPs [see Fig. 1(b)], the Si-I phase
directly transforms into a simple hexagonal (Si-V) phase at
~14.7 GPa, rather than the Si-II or Si-IV phases claimed by
previous TEM or simulation studies [12,13,17]. This
transition is quite different from the sequence usually
observed in compressed bulk Si, i.e., Si-I - Si-Il —»
Si-XI — Si-V [31], but it is consistent with the transitions
observed in Si nanocrystals with diameters of 3.2-4.5 nm
using in situ high-pressure axial XRD [33]. In terms of
texture, there is no obviously visible preferred orientation
in the Si-I phase up to 14.7 GPa, whereas a strong texture is
immediately present in the Si-V phase as soon as the phase
transition occurs. These results suggest that during com-
pression, extensive dislocation activities have occurred
only in the Si-V phase. Therefore, the plasticity of small
SiNPs down to sub-10 nm is dominated by the ductile Si-V
phase, which is very different from the behavior of large
SiNPs and bulk Si.

To further confirm the mechanism of plastic deformation
in SiNPs, quantitative information was derived by analyz-
ing and simulating the texture patterns. Each 2D diffraction
image was integrated in 5° slices along the azimuth, and the
XRD patterns obtained were then imported into the soft-
ware package MAUD for Rietveld refinement and texture
analysis, allowing detailed information of the texture
development to be obtained [see Fig. 2(a) for an example
refinement and the Supplemental Material for details [19] ]
[30]. Figure 2(b) shows the texture index of different Si
phases as a function of pressure (the texture index is equal
to 1 for a random distribution and increases with the degree
of texture). Although not visible in Fig. 1, for large SiNPs,
the texture index of the Si-I phase increases slightly during
compression, indicating weak texture does emerge in Si-I
and causes very limited plasticity when the stress is high
enough. In contrast, the texture index of the Si-II phase
reaches 3.8 multiples of a random distribution (mrd) at
8.3 GPa, demonstrating strong texture immediately built up
in this phase once the Si-I to Si-II phase transition starts.
For small SiNPs, the texture index of Si-I is almost constant
below ~14.7 GPa and only shows very subtle change at
~14.7 GPa, while the texture index increases significantly
when the Si-I phase transforms into the high-pressure Si-V
phase. These results are generally consistent with the
observation from the diffraction images in Fig. 1 and
confirm that the plastic deformation in both large and

small SiNPs is dominated by the intrinsic plasticity of the
ductile high-pressure phases (Si-II or Si-V) rather than the
very limited plasticity in the initial Si-I phase. For the Si-I
phase, the obvious suppression of its texture development
with decreasing particle size (from ~100 to ~9 nm)
demonstrates that dislocation nucleation and/or motion is
suppressed in small SiNPs. A similar phenomenon was
observed in Ni nanoparticles since the critical resolved
shear stress for dislocation nucleation is inversely propor-
tional to the particle size [21,24,34]. Compared with the
100 nm SiNPs, the obviously weaker dislocation activities
in the Si-I phase and the higher critical pressure for phase
transitions in the 9 nm SiNPs could account for the high
hardness and near-theoretical strength reported in small
SiNPs [11,35].

Plastic deformation usually occurs after the strain in the
material reaches its elastic limit, and the development of
plastic deformation will be coupled with the release of the
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FIG. 2. (a) 2D unrolled image of 100 nm SiNPs at 9.5 GPa at
which the Si-I and the Si-II phases coexist (bottom) and the
corresponding Rietveld refinement result using MAUD (top).
(b) Texture indexes of the Si-I (solid symbols), Si-II (open
circles), and Si-V (open squares) phases as functions of pressure.
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accumulated elastic strain. Therefore, the evolution of
elastic strain in SiNPs during compression could also
provide vital information to understand their plastic defor-
mation. Figure 3(a) shows the d spacing of the Si-I (111)
planes of the small SiNPs as a function of azimuth angle at
different pressures, in which the periodic variation of d
spacings is caused by the elastic lattice strain. Figure 3(b)
presents the calculated lattice strain parameter (Q) for
the Si-I (111) planes as a function of pressure (see
Supplemental Material for details on the calculation of
Q values [19]) [36]. For both samples, Q increases quickly
with applied pressure at the beginning. As soon as the
phase transition starts (Si-I to Si-II for large SiNPs, or Si-V
for small SiNPs), QO immediately and significantly deviates
from the original trend and even decreases with further
compression. In high-pressure RXRD experiments, Q
usually increases with pressure until the material starts
to yield, and consequently, the local elastic stress and strain
relax due to the plastic flow [22,37]. In our experiments, the

(@)
3.15+ 2.0 GPa
)
< 3.101 $
< & P147%
2 5 9 & d“\ °
o PH % % ° o°°o
€ 3051 o Lol %o e
o 9 P Q
Z °p ° 3 16.5%p o
S Pag @0 P °%
9 éb 09 9 P
P D P ) L4 0%
3.00m9 @ Mo% %
ﬁ w >
2.95+
0 50 100 150 200 250 300 350
Azimuth angle (degree)
(b) 0.016
Si-1+Si-l
' Si-1=>Si-V
0.012- e |
|
< N
T 0.0084
(@]
0.004+ o
—E—9nm
—@—100 nm
0.000-@ — 71 1 T 1 T T r T Tt T Tt T T 1
0 2 4 6 8 10 12 14 16
Pressure (GPa)
FIG. 3. (a) The d spacing of the Si-I (111) planes of the 9 nm

SiNPs as a function of azimuth angle at different pressures.
(b) Lattice strain parameter (Q) of the Si-I (111) plane as a
function of pressure for large (100 nm) and small (9 nm) SiNPs.
The arrows mark the pressure where the phase transition starts.

continuous increase in Q before phase transitions indicates
that the Si-I phase mainly deforms elastically, without
obvious plastic deformation to relax the local elastic strain.
Once the phase transition starts, large plastic deformation
occurs in the emerging Si-II or Si-V phase, resulting in a
substantial decrease in the deviatoric stress and the elastic
lattice strain in the Si-I phase. These results further support
that the ductile high-pressure phases (Si-II and Si-V)
dominate the plastic deformation in SiNPs. It should be
noted that once the phase transition occurs, the stress-strain
relationship of the sample would change dramatically due
to the coexistence of two phases (Si-I and Si-II, or Si-I and
Si-V) with quite different mechanical properties, such as
elastic moduli and yield strength. It is usually difficult to
resolve the deformation behavior of one specific phase
using conventional techniques. In this study, RXRD ena-
bles continuous monitoring of the development of the
elastic strain in each phase during phase transitions.

To elucidate the detailed mechanism at the atomic
level of how these Si phases (Si-I, Si-II, and Si-V) deform,
the inverse pole figures (IPFs), which describe the ori-
entation of the compression axis relative to the crystalline
coordinates, are derived for each phase as shown in
Figs. 4(a)—(c) [38]. For the Si-I and the Si-II phases that
coexisted at 9.5 GPa in large SiNPs, the maximum pole
distribution is located near (011) in the Si-I phase and
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FIG. 4. Selected experimental inverse pole figures for the
(a) Si-I, (b) Si-II (large SiNPs at 9.5 GPa), and (c) Si-V (small
SiNPs at 14.7 GPa) phases along the compression direction
(normal direction). The corresponding simulation results for the
(d) Si-I, (e) Si-II, and (f) Si-V phases obtained from VvPSC are
shown in the right column. Because of different crystalline
symmetry, different portions of the IPFs are needed to represent
the orientation distribution for Si-I (a half quadrant), Si-IT (45°),
and Si-V (30°) phases. The pole densities are displayed on a color
scale. The top color scale is for Si-I and the bottom scale is for
Si-II and Si-V. Equal area projection and a linear scale are used.
For the vpsc simulation, the strain was set to 4% for Si-I and 30%
for both the Si-II and Si-V phases.
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near (001) in the Si-II phase [see Figs. 4(a) and 4(b)]. For
the Si-V phase in small SiNPs, the maximum pole
distribution is located near (2110) [see Fig. 4(c)]. It
should be noted that both the Si-II and the Si-V phases
cannot be recovered to ambient pressure; upon decom-
pression, mainly Si-IIl phase (space group: Ia3) and
amorphous Si were obtained in the large and small
SiNPs, respectively. Thus, the texture in the Si-II and
the Si-V phases can only be observed by in situ high-
pressure experiments.

Furthermore, the viscoplastic self-consistent (VPSC) code
was used to simulate the texture formation in these Si
phases based on the dislocation slip mechanism (see
Supplemental Material for details of the simulations
[19]) [39]. The simulation results were compared with
the experimental data in Fig. 4, which match each other
well. Based on our simulations, the slip system {111}(110)
accounts for the texture observed in the Si-I phase in large
SiNPs. This slip system is frequently observed in bulk Si-I
deformed at elevated temperatures or in compressed Si
nanopillars under high stress and confining pressure at
room temperature [13,40]. Our results suggest this slip
system can still be activated in 100 nm SiNPs at room
temperature under high stress. The texture observed in the
Si-II phase can be well reproduced by a combination of
{001}(100) and {101}(101) slip systems. For the Si-V
phase, the pole density maximum can be explained by the
deformation through prismatic {1010}(1210) and pyrami-
dal {1011}(1123) slip systems.

In summary, the plastic and elastic deformation and
structural evolution of SiNPs during compression were
quantitatively investigated using in situ high-pressure
RXRD. A new plasticity mechanism, the Si-I to Si-V
phase transition dominated plasticity, was observed in
compressed small SiINPs (~9 nm) in contrast to the Si-I
to Si-II phase transition dominated plasticity in large SiNPs
(~100 nm). The critical pressure for the former transition is
~14.7 GPa, while it is ~8.3 GPa for the latter transition.
The absence of the high-pressure phases in some of the
previous experiments on nanostructured Si could be attrib-
uted to the limited hydrostatic stress achieved. The plastic
deformation driven by dislocation activities in the initial Si-
I phase of SiNPs is extremely weak and becomes almost
negligible when the size decreases down to ~9 nm, while
pressure-induced phase transitions could result in large
plasticity due to the density difference between different
phases and the subsequent substantial dislocation nuclea-
tion and motions in the ductile high-pressure phases (Si-V
or Si-II). The active slip systems of the Si-V or Si-II phase
were revealed by texture simulations. These results dem-
onstrate that complex plasticity mechanisms are involved
during compression of SiNPs, quantitative methods are
needed to determine the real dominant factor. By clarifying
the atomic mechanism of plasticity in SiNPs, this Letter can
help to guide the design of various nanostructured Si-based

devices and also could shed light on the deformation
behavior of similar covalent nanocrystals.
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