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Uniting Ultrahigh Plasticity with Near-Theoretical Strength
in Submicron-Scale Si via Surface Healing

Wei Xu, Jinhua Yu, Jun Ding, Yunna Guo, Lei Deng, Ligiang Zhang, Xiaoxuan Wan,

Shaochuan Zheng, Yuecun Wang,* and Zhiwei Shan*

As a typical hard but brittle material, Si tends to fracture abruptly at a stress
well below its theoretical strength, even if the tested volume goes down to
submicron scale, at which materials are usually nearly free of flaws or
extended defects. Here, via the thermal-oxidation-mediated healing of the
surface that is the preferred site for cracks or dislocations initiation, the
premature fracture can be effectively inhibited and the over 50%
homogeneous plastic strain with the near-theoretical strength (twice the value
of the unhealed counterpart) are united in submicron-sized Si particles. In situ
transmission electron microscope observations and atomistic simulations
elucidate the confinement effect from the passivated and smoothened
thermal oxide, which retards the dislocation nucleation and transforms the
dominant deformation mechanism from partial dislocation to the more
mobile full dislocation. This work demonstrates an effective and feasible

fracture abruptly at the stress far below
its theoretical strength,?l causing catas-
trophic failure and impeding more ex-
tensive applications of Si.l3] Therefore,
how to inhibit the premature fracture of
Si and improve its mechanical reliability
has been a subject of many studies in
both fundamental and applied researches.

The room-temperature brittleness of Si
originates from the strong-covalent-bonds-
induced high lattice friction for disloca-
tion slip and high sensitivity to preexist-
ing flaws.*! With the miniaturizing devel-
opment of Si-based components, the num-
ber of internal flaws in the Czochralski-
grown small-volume single-crystal Si has

surface engineering pathway to optimize the mechanical properties of Si at

small scales.

1. Introduction

The ever increasingly versatile and important applications not
only challenge the functional performances of silicon (Si) but also
have a high demand for its structural and load-bearing reliability,
which mainly depends on the deformability and strength of Si.[!]
However, as a typically brittle material, Si is inclined to crack or
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been very low. The correspondingly in-
creased surface-to-volume ratio makes the
surface blemishes (such as the tiny pit or
ledge) become the dominant stress rais-
ers, which act as the potential nucleation
point of dislocations or cracks and cause the premature frac-
ture failure of Si.l’] Recent years have seen continuous efforts
in improving the surface quality of Si to eliminate these stress
raisers. The surface roughness of Si wafer has been lowered
down to sub-angstrom via chemical mechanical polishing.[®] A
newly developed edge-blunting technique can effectively miti-
gate room-temperature brittleness by blunting the sharp corners
in the marginal regions of Si wafers.3l This surface engineer-
ing plays a more significant role in improving the deformability
of Si at micron or submicron scale (the characteristic size of Si
structural components in many microdevices).”] It has been re-
ported that the high elastic strain limit (~x10%) as well as the near-
theoretical strength can be achieved in micropillars fabricated by
the high-resolution lithographic etching!®! or Si nanowires grown
via the vapor-liquid-solid process,!! owing to their smooth sur-
face and defects-scarce single crystal structure. Though the pre-
mature fracture of Si (especially the submicron-sized or smaller
Si with high-quality surface) can be inhibited, the intervening
plastic deformation prior to the mechanical failure is usually
quite small, showing no obvious indication before the abrupt
fracture or shear-off, i.e., the brittleness remaining to be a poten-
tial threat.’*1% The room-temperature plasticity in Si could be
triggered via the surface treatment as well. It has been found that
the focused ion beam irradiation-induced surface amorphiza-
tion can provide a good confinement effect on the pristine in-
terior, inhibiting the crack initiation and promoting the disloca-
tion or phase transformation-mediated plastic deformation in Si
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micropillars.!"!] But the surface damage caused by ion irradiation
severely decreases the yield strength of Si micropillars, which is
much lower than the theoretical strength.[*?]

Here a question naturally arises, how to achieve the near-
theoretical strength and the high plastic deformability in Si con-
currently? To this end, first, we should resort to the single-crystal
Si samples that are initially nearly free of dislocations or other ex-
tended defects, such that the chances for premature fracture be-
fore yielding are minimized. As mentioned above, a feasible way
is to reduce the physical dimensions of the tested volume down
to submicron scale. In addition to the pristine internal struc-
ture, a passivated (smooth and defectless) surface is necessary
for suppressing the surface dislocation nucleation or crack ini-
tiation at low applied stresses.["*) However, the naturally-grown
oxide layer on Si that forms during partial surface oxidization at
ambient temperatures is not fully passivated. It has been reported
that the native oxide may obviously decrease the strength of Si
nanobeams, supposedly owing to the partial oxidation-induced
surface stress raisers or defects.[' Therefore, it is desirable, if
the submicron-scale Si has a smooth and defectless surface coat-
ing, to reach a very high value (approaching the ideal strength).
Furthermore, the passivated surface is expected to serve as an ef-
fective barrier to stop dislocations from escaping out of the free
surfacel®® and result in dislocation back stress, which would not
only ameliorate the local stress in the vicinity of potential crack
nucleation sites but also give rise to the strain hardening,!') mak-
ing the homogeneous plastic deformation without cracking or lo-
calized shear-off possible.

Here, we propose a thermal-oxidation-mediated surface heal-
ing, by which the stress raisers on Si can be incorporated in
the fully-oxidized layer and the defects would be eliminated
largely. Our in situ quantitative compression experiments inside
a transmission electron microscope (TEM) demonstrate that ul-
trahigh plasticity with near-theoretical strength can be concur-
rently achieved in the thermally-oxidized Si spherical particles
with several hundreds of nanometers in diameter. The choice
of spherical single-crystal particles is made here mainly because
the spherical geometry ensures that the maximum stress site
is located in the interior rather than on the surface when it is
loaded,!"”) and it is ideally suited for experimentally achieving the
near-theoretical strength. Since the possibility of surface disloca-
tion nucleation and crack initiation could be effectively reduced
or even eliminated. Besides, Si particles themselves have many
outstanding properties and have been widely used in electronics,
photonics, lithium-ion batteries, and biotechnology of which the
design and use highly depend on the mechanical reliability of Si
particles.[*8]

2. Results and Discussion

2.1. In situ Compression of the as-Grown Si Particles

Si spherical particles were synthesized using a thermal plasma
deposition technique."! These particles are inevitably covered
by a thin oxide layer upon exposure to air at ambient temper-
ature. The naturally-grown oxide is 2-3 nm thick regardless of
the particle size (see the bright-field TEM image and thickness
distribution in the inset histogram in Figure S1, Supporting
Information). Some as-grown Si particles with the diameter D
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Figure 1. In situ compression of a typical as-grown Si particle (with the
diameter D = 257 nm) inside TEM. The inset TEM images in the load
versus normal compressive strain curve demonstrate the snapshots from
the in situ TEM video recording the deformation and fracture process of
the particle.

ranging from 150-600 nm were in situ compressed, feasible us-
ing a nanomechanical testing system inside TEM. A typical ex-
ample is displayed in Figure 1. Under TEM imaging, the inte-
rior of the selected Si particle (D = 257 nm) is primarily defects-
scarce, and the concentric thickness fringes can be clearly seen
in the interior. This individual particle was compressed by a flat
diamond punch along the ~#<111> direction with the acquisition
of the real-time deformation process and load-displacement data.
Figure 1 shows the load versus normal compressive strain (de-
fined as the compression displacement of the particle divided by
D) curve with the inserted snapshots from Video S1 (Supporting
Information). The Si particle initially undergoes elastic deforma-
tion (the apparent elastic strain of ~8%), and then fractures into
two pieces abruptly, corresponding to a very big strain burst in
the compressive curve. The maximum contact stress of the parti-
cle, designated as the “compressive strength” that stands for the
capacity of a particle to withstand loads without cracking, is about
7.8 GPa. Prior to the catastrophic splitting crack, dislocations slip-
ping along {111} planes have been observed (the dashed lines
show the projections of slipping traces and the cleavage planes).
This indicates that plastic deformation is set in by the surface
nucleation of dislocations, at a stress lower than 7.8 GPa. The
surface stress raisers may serve as the predominant sites for the
dislocation emission. The slipping of dislocations is localized on
two or three intersecting glide planes and slip bands intersect at
a point where dislocations pile up, causing an obvious stress con-
centration. The crack initiates and propagates quickly at the stress
raisers, giving rise to the splitting of the particle. Though the mo-
ment of fracture has not been recorded clearly due to the very fast
crack formation and propagation, a wedge that is formed by the
intersecting slip bands and causes the following splitting of the
particle can be clearly seen just before the cracking. From post-
mortem characterizations of a fractured Si particle (Figure S2,
Supporting Information), we can see that the dislocation-
mediated plastic deformation mainly occurred near the contact
areas, and other parts of the particle deformed elastically.
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Figure 2. Characterizations of the as-grown and thermally-oxidized Si particles. a) A typical as-grown Si particle taken under annular-dark-field (ADF)
STEM image and the corresponding secondary electron (SE) image. b) The schematic diagram shows the incorporation of the surface stress raisers and
defects into the regrown oxide via thermal oxidation. c) A typical thermally-oxidized Si particle taken under annular-dark-field (ADF) STEM image and
the corresponding secondary electron (SE) image. d) 2p Si XPS spectra of the as-grown and thermally-oxidized Si particles. The inset HRTEM images

show the native (SiO,) and thermal oxide (SiO,) on Si particles.

2.2. Surface Passivation of Si Particles via the Well-Controllable
Thermal Oxidation

As previously mentioned, the naturally-grown oxide layer comes
from partial surface oxidization and is not fully passivated. There-
fore, instead of protecting the internal Si structure from crack-
ing, the surface stress raisers and defects in the native oxide
may lower the strength of the particles greatly. To demonstrate
the surface condition of as-grown Si particles, we further exam-
ined them using a Cs-corrected scanning-TEM (STEM, 200 kV)
equipped with an atomic-resolution secondary electron (SE) de-
tector that can obtain the information from the very top surface
of materials and offer higher spatial resolution with more faith-
ful surface information compared with the common scanning
electron microscope (SEM). Figure 2a displays the Annular-dark-
field (ADF) STEM image and the corresponding SE image of the
same Si particle. Surprisingly, the surface that seems to be quite
smooth under the STEM imaging, is actually rough and bumpy
justlike the “lunar surface” under the simultaneous SE imaging.
To obtain a smoother and well-passivated surface, we propose to
regrow a thin oxide layer on Si particles via heating them in an
oxygen atmosphere (as illustrated in Figure 2b), during which
Si atoms diffuse into the native oxide and react with incoming
oxidants.[?] Surface defects or stress raisers on Si are expected to
be incorporated into the fully oxide layer and eliminated largely
during the thermal oxidation and simultaneous annealing pro-
cess. The thickness of the thermal oxide can be well established
by controlling the annealing temperature and oxidation time.
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Figure 2c shows the ADF-STEM image (left) as well as the high-
resolution SE image (right) of the same thermally-oxidized Si par-
ticle, which was annealed in dry air at #800 °C for 30 min. We can
see that Si particles after the thermal oxidation inside the furnace
get much smoother. To detect the compositions of the oxide be-
fore and after annealing, X-ray photoelectron spectroscopy (XPS)
analyses were performed on the as-grown and thermally-oxidized
Si particles. XPS is a surface-sensitive quantitative spectroscopic
technique to identify the elemental composition and the chem-
ical state of the material surface. As shown in Figure 2d, 2p Si
XPS spectra of the particles after thermal oxidation exhibit ob-
viously enhanced peak intensity at ~103.5 eV, which is indica-
tive of SiO, formation.[2!l By contrast, the as-grown Si particles
show a small and broad peak at ~102.8 eV, indicative of the for-
mation of the silicon sub-dioxide (SiO,, 0<x<2),[??] i.e., the SiO,
native layer turns into stoichiometric SiO, and the regrown sur-
face oxide is also SiO, during the thermal oxidation. The inset
high-resolution TEM images in Figure 2d demonstrate that both
the native and thermally-grown oxide layers are amorphous. The
passivated thermal oxide whose growth rate and properties de-
pend weakly on Si crystal orientation(?*! has an average thickness
of ~7 nm (see the thickness distribution in the inset histogram in
Figure S3, Supporting Information). Note that if we increase the
annealing temperature or oxidation time, the oxide will become
thickened, and hence the volumetric fraction of the oxide layer in
a particle tends to be more and more significant. Therefore, on
one hand, we should make sure that the surface oxide is well pas-
sivated to incorporate the surface stress raisers and defects into
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Figure 3. In situ compression of the individual thermally-oxidized Si particle. a) The contact stress versus compressive strain curve of a thermally-
oxidized Si particle with the diameter of 265 nm. The insets show the TEM images of the particle before and after compression. Typical deformation
regimes are marked in different colors. b) Series of the centered dark-field TEM images obtained using the (111) reflection from the particle view along
[101] zone axis demonstrates the deformation process at different compressive strains. The inset shows the selected area diffraction pattern of the
compressed particle. c) The postmortem HRTEM characterizations of the thermally-oxidized Si particle. d) The filtered HRTEM image of a less distorted
region with the Burgers circuits around dislocations. €) The filtered HRTEM image of the region is very close to the amorphous oxide surface and severely

deformed.

it; on the other hand, the most part of the particles should remain
to be single-crystalline Si. The effect of the oxide volumetric frac-
tion on the mechanical behaviors of Si particles will be discussed
further later.

2.3. In Situ Compression of the Thermally-Oxidized Si Particles

To check the surface healing effect on the strength and de-
formability of Si particles, thermally-oxidized ones were indi-
vidually compressed inside TEM, and Figure 3 displays the
in situ compressive process of a representative particle (with
D = 265 nm, and the thermal oxide layer of ~8.5 nm). For com-
parison with the as-grown particle shown in Figure 1, this Si
particle was also compressed along the ~<111> direction. The
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corresponding contact stress (true stress) versus normal com-
pressive strain curve is presented in Figure 3a. Here the contact
stress is defined as the force sustained by the Si sphere divided
by the contact area (z D;? /4, where D; is the instantaneous contact
diameter and can be directly measured from the recorded video).
TEM images of the thermally-oxidized Si particle before and af-
ter compression were inserted in Figure 3a. Four deformation
regimes (marked by different colors in the stress—strain curve)
have been observed during compression. A correlation of each
regime of the stress—strain curve with the real-time DF-TEM im-
ages (obtained using the (111) reflection) captured from the Video
S2 (Supporting Information) is demonstrated in Figure 3b. First,
the thermally-oxidized particle experiences linear elastic defor-
mation upon loading up to ~#10% with the corresponding stress
of ~15 GPa (as indicated by the green line). Upon the initial
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contact, strain fringes emanate from the contact area, owing to
the synergic elastic deformation of the thermally-grown oxide
layer with the inner Si crystal. The uniform and symmetry dis-
tribution of multiple strain fringes predicts a relatively homoge-
neous distribution of the dislocation nucleation sites, as marked
by the yellow contours in Figure 3b (x12% strain). As the stress
increases, the deformation enters the second regime, character-
ized by the stress—strain curve slightly deviating from the linear-
elastic response (marked in purple), corresponding to the dislo-
cation initiation. During the 12-16% strain range, dislocations
nucleate and multiply rapidly near the contact area, contribut-
ing to incipient plastic deformation. When it reaches the up-
per yield point (defined as the yield strength of the thermally-
oxidized particle) at ~16.4 GPa, the deformation comes into the
next regime (marked in blue), during which the contact stress de-
creases and ends at a lower yield point (%35%, ~13.5 GPa). In this
regime, dislocations extend gradually across the particle, as ob-
served by the development of some parallel contrast bands along
{111} slip planes (see the captured TEM image at ~25% com-
pressive strain). The stress drop is assumed to be associated with
the gradual initiation of small surface steps during the disloca-
tion emergence and slip. Upon further compression with a fully
flat contact between the deformed particle and the punch, the
deformation enters the strain hardening regime (marked in or-
ange). High-density dislocations multiply and interact with each
other or with the oxide/Si interface (back stress), resulting in the
stress increase as the strain continues (strain hardening). The
smooth and continuous compression over 60% shows no sign
of cracking or deformation localization, and the spherical par-
ticle was homogeneously shaped into a “pancake”. It should be
noted that e-beam irradiation is not dominant for the enhanced
plastic deformability of the thermally-oxidized Si particles, which
remain plastically deformable under compression without the e-
beam illumination (see Figure S4, Supporting Information). No
detectable amorphization or other phase transformation occurs
in the deformed particle, as verified by the selected area electron
diffraction pattern, which only shows an obvious splitting fea-
ture due to the appearance of abundant dislocations and stacking
faults (see Figure 3D inset).

Figure 3c displays the postmortem high-resolution TEM
(HRTEM) image obtained from the near-surface regions of the
compressed Si particle. Clearly, we can see that the thermally-
grown amorphous oxide surface deforms together with the inte-
rior crystal, without cracking or shear offset. To identify the de-
formation defects inside the particle, we used the Fourier Trans-
form to filter the original HRTEM image to eliminate the ape-
riodic oxide information. High-density (~10'® m~2) dislocations
and stacking faults (SFs) can be observed from the enlarged and
filtered images in Figure 3d,e; Figure S5, Supporting Informa-
tion). By employing the Burgers circuit around the dislocation
cores, their Burgers vectors, b, can be determined. In a less dis-
torted region, Shockley partial dislocations, with b = a/6[121] on
{111} close-packed planes, have been identified (Figure 3d). In a
severely deformed zone very close to the oxide surface (Figure 3e),
besides the partial dislocations with stacking faults, the Lomer
lock dislocations with b = a/2[101] are formed via the interaction
of two full dislocations a/2[110] + a/2[011] at the intersection of
the two slip systems a/2[110](111) and /2[011](111). The Lomer
lock dislocation is a type of sessile dislocation that can act as a
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pinning point and impede the slipping of mobile dislocations.**]

The introduction of Lomer lock dislocations in the severely de-
formed region may explain the strain hardening arising at the
late compression stage: dislocations interlock with each other on
three equivalent {111} planes inclined at ~19.5° to the <111>
loading axis. For [111] compression in Si, the Schmid factor for
partial dislocations on (111)[121] slip system is 0.35, while the
maximum Schmid factor for full dislocations on {111}<110> slip
system is 0.27. This means that the resolved shear stress for the
former is higher. What’s more, atomic simulations show that the
Peierls’ stress for full dislocation motion in Si is 3.8-4.5 GPa,[’]
higher than that for partial dislocations, ~3.3 GPa.?®l Therefore,
the nucleation and motion of partial dislocations should be fa-
vored upon yielding. As stress increases, full dislocations which
are more mobile than partials!?’] are activated, and their slip ac-
commodates the majority of strain until the formation of Lomer
locks trap other dislocations and cause the strain hardening.

2.4. Near-Theoretical Strength of the Thermal-Oxidized Si
Particles

The 16.4 GPa maximum contact stress (corresponding to the
maximum resolved shear stress of 5.74 GPa in the slip system
{111}<121> of the thermally-oxidized Si particle is approaching
the ideal strength of <111>-oriented Si (E_;;;,/10 = 19 GPa,
G(111)/10 = 6.69 GPa),l**] and is more than twice the compres-
sive strength measured in the as-grown Si particle (7.8 GPa,
Figure 1). In order to check if the thermally-oxidized Si particles
compressed along other orientations display the near-theoretical
strength and the obviously enhanced plasticity as well, we have
measured and calculated the resolved shear stress (RSS)13 of
each tested particles with and without thermal oxidation treat-
ment. The RSS versus the applied normal compressive strain
from 26 individual Si particles (diameters ranging from 150 to
600 nm) compression experiments is plotted in Figure 4 (Figures
S6and S7, Supporting Information demonstrate the deformation
morphologies of some representative Si particles compressed
along different orientations). The data appear quite scattered, and
the possible factors acting to scatter the RSS are listed as follows.
First, the deformation behavior and strength of Si depend on the
volumetric fraction of the oxide layer, v, (see the yield strength
as a function of v, shown in Figure S8, Supporting Information).
If v, < #10% (the as-grown Si particles), the oxide barrier is not
thick or tight enough to suppress the surface dislocations nucle-
ation and the subsequent brittle fracture; the thermally-oxidized
Si particles with higher v, (e.g., v, >~40%) demonstrate excel-
lent plastic deformability, but their strength is greatly compro-
mised. This softening mainly results from the increasing propor-
tion of silica (Young’s modulus of SiO, is 70 GPa,?’! less than
half of that in also see Figure S9, Supporting Information). The
RSS of the thermally-oxidized particles with v, %20% can ap-
proach the theoretical strength (Figure 4). Second, it has been
well-established that the strength of single-crystalline Si has a
relatively large orientation dependence. Therefore, the RSS varia-
tion with the loading direction is as expected. Third, some defects
undetectable inside TEM may affect the strength of the tested
samples, especially the thermally-oxidized Si particles with high
plastic deformability, of which the yield strength is intimately
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Figure 4. The maximum resolved shear stress versus the normal compressive strain in the as-grown (blue) and thermally-oxidized (orange) Si particles.
The dashed horizontal lines in grey demonstrate the upper limit of the theoretical strength (Gy117)/10 = 6.69 GPa, where G{111} is the shear modulus
of {111} crystal planes). The size of these particles is ranged from 150 to 600 nm.

related with the defects evolution. Despite the scatter, the
thermally-oxidized particles are still much more robust than their
as-grown counterparts, and many of them obtain the strength ap-
proaching the theoretical value (~6.7 GPa, as marked by the hor-
izontal dashed lines in Figure 4).

2.5. Dislocation Mechanism Under the Combination of Ultrahigh
Strength and Plasticity

As we have conceived in the introduction section, the smoother
and passivated thermal oxide not only incorporates the initial sur-
face pits or other possible defects into itself but also softens the
contacts of Si particles with the substrate and punch, eliminat-
ing the possibility of the surface dislocation nucleation. However,
besides the surface, the crystalline Si/amorphous oxide inter-
face with some native point defects or other imperfections!?>3]
is also one of the preferred sites for the dislocation initiation.
In the as-grown Si particles, prior to the incipient fracture, the
very first plastic event may take its origin from these defects at
quite low stresses. After the thermal oxidation treatment coin-
ciding with the high-temperature annealing, the atomic defects
(such as oxygen vacancies and Si interstitials) at the well-annealed
Si/oxide interface could be annihilated via the oxide regrowth and
the recombination of interstitials with vacancies.!?”) As such, the
thermally-grown oxide from SiO, (0<x<2) to SiO, is accompa-
nied with defect reduction at the interface, providing chances for
the homogeneous dislocation nucleation in the interior crystal
under much higher applied stress.
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To further elucidate the influence of regrown amorphous sur-
face layers on dislocations, molecular dynamic (MD) simulations
were performed. For the as-grown Si particle (D = 24 nm), some
sub-nanometer pits on the 1 nm amorphous layer were gen-
erated randomly to simulate its native surface; the thermally-
oxidized Si particle (D = 24 nm) is modeled as the pristine Si
crystal coated with a continuous and smooth amorphous layer
(2 nm). For simplicity, the modeled two particles are also de-
noted as the as-grown and thermally-oxidized. Figure 5 demon-
strates the von Mises stress distribution and dislocations evolu-
tion in two particles at different compressive strains. The strain
and the compressive stress corresponding to the onset of disloca-
tion nucleation is 6% (7.5 GPa) and 21% (21.4 GPa), respectively,
in the as-grown and thermally-oxidized particles. The enlarged
views of the first dislocations demonstrate their nucleation sites
(Figure 5a,e, right upper panel) as well as the local stress distri-
bution in z-direction around the dislocations (Figure 5a,e, right
lower panel). We can see that in the as-grown particle, the par-
tial dislocation (b = 1/6<112>, pink lines) initiates at the amor-
phous/crystalline interface due to the local stress concentration
caused by pits, and then with increasing strains, full disloca-
tions (b = 1/2<110>, black lines) are activated in the interior
(Figure 5b). Whereas in the thermally-oxidized particle, the full
dislocation together with the partial dislocation is generated in-
side the crystalline Si (Figure Se). Though both partial and full
dislocations are activated in two particles, the partial dislocation
slipping is more favored in the as-grown one, and full disloca-
tions are dominant in the thermally-oxidized one (see Figure S10,
Supporting Information). As strain increases, the significant
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Figure 5. MD simulations on von Mises stress distributions and dislocations evolution in the 24 nm Si particles with different surface conditions. a) The
cross-section of the Si particle with 1 nm rough amorphous layer at compressive strain € = 6%, corresponding to the generation of the first dislocation,
i.e., the yielding point or the onset of plastic deformation. The enlarged view of the framed region shows the dislocation generation site (upper panel)
and the local stress distribution in z-direction around the dislocation (lower panel); b) € = 17%; c) € = 30%. d) The cross-section of the Si particle with
2 nm smooth amorphous layer at compressive strain € = 6%; €) € = 21%, corresponding to the generation of the first dislocations. The enlarged view of
the framed region showing the dislocation generation sites (upper panel) and the local stress distribution in z-direction around the dislocations (lower
panel); f) € = 30%. In (c) and (f), for more clear demonstration of dislocations inside deformed particles, atoms with shear strains <0.6 are removed
(except for those showing the contourlines). The partial dislocations with the Burgers vector b = 1/6<112> and the full dislocations with the Burgers

vector b = 1/2<110> inside the two particles are demonstrated in pink and black lines, respectively.

dislocation activities in two intersecting {111} planes of the as-
grown Si particle cause the localized deformation followed by the
large shear-off (Figure 5c). In the thermally-oxidized particle, dis-
locations, especially the more mobile full dislocations,?’] nucle-
ate homogeneously at high stress (near-theoretical strength) and
slip in the interior. The high-density dislocations are confined
by the continuous amorphous barrier and cannot escape out the
surface (Figure 5f), inhibiting the obvious shear-off induced de-
formation localization and making the homogeneous deforma-
tion into a “pancake” possible. The dislocation back stresses from
the amorphous barrier would ameliorate the local stress near the
potential crack nucleation sites in the Si interior. Besides, the
compressive stress from the confinement effect of the soft and
smooth amorphous barrier (see Figure S11, Supporting Informa-
tion) can effectively inhibit the crack initiation at the surface.
Since the classic paper of Atalla et al.,[3!] the passivation of the
silicon surface via thermal oxidation has become the dominant
way for surface stabilization and surface or interface defect re-
duction in device technology.®?! As for small Si particles with the
prevailing role of surfaces, thermal oxidation can not only im-
prove the mechanical stability but also modify or functionalize
the surface: the surface oxide transformation from SiO, to SiO,
allows to tune of the surface properties of Si particles for new
features in, e.g., energy harvesting and storage, light emitting
devices, 18] imagery and drug/gene delivery in biomedicine!** or
catalysis,[*] etc. Taking one of the most important applications of
Si particles as the anode material in high-energy lithium-ion bat-
teries for example. The stress or strain caused by crumbling or
even pulverization of Si during the lithiation reaction is a very
big concern. The conformal oxide coating of Si anode particles
is an effective strategy to reduce the excessive solid—electrolyte
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interface formation as well as suppress the volume expansion-
induced cracking for improving the mechanical integrity.*>! We
performed the in situ electrochemical lithiation on individual as-
grown and thermally-oxidized Si particles inside TEM: a crack
initiates at the former surface with the ~#45% volumetric expan-
sion upon lithiation, while no cracks have been observed on the
latter even when the volume strain reaches up to ~345%, which
is close to the theoretical limit at full lithiation (see Figure S12,
Supporting Information for more details and explanations).

To recapitulate, three effects from the thermal oxidation me-
diated surface healing may have come into play for realizing the
near-theoretical strength and ultrahigh plasticity in the robust Si
particles: i) the incorporation of surface stress raisers or defects
into the regrown oxide coating; ii) the annihilation of defects in
the stoichiometric SiO, oxide or at the Si/oxide interface during
the thermal annealing. Therefore, the near-surface regions that
are usually perceived as the preferred initiation sites of brittle
cracking become “blunt and ductile”; ii) the introduction of the
compressive stress at the thermally oxidized surface. The surface
compressive stress or the confining pressure can inhibit strain lo-
calization and crack initiation during severe deformation or vol-
umetric expansion.

3. Conclusion

In summary, by virtue of the well-controllable thermal-
oxidation—mediated surface healing effect, we have united the
ultrahigh plasticity with the near-theoretical yield strength in
submicron-sized Si particles, and in contrast to the as-grown
counterparts that show initial elastic loading followed by catas-
trophic failure at a much lower stress. The real-time TEM
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observations and MD simulations shed light on the underly-
ing mechanism. The thermal oxidation coating with a suit-
able thickness can not only improve the load-bearing-reliability
of small-scale Si but also provide more chances for itself as
a high-performance functional materials, for example as the
high-capacity electrode materials for lithium-ion batteries. The
thermal-oxidation-mediated surface healing has been proven to
be an effective and feasible way to tune the mechanical, elec-
trochemical performances of Si nanostructures by modifying or
functionalizing their surfaces, and maybe it holds for other ma-
terials, that suffer from premature brittle failure during their
services. The simplicity and environmental friendliness of this
single-step process should make it well-accepted in both indus-
trial and research environments. Our work is expected to provide
new insights to tune the comprehensive properties of small-scale
materials via surface engineering.

4. Experimental Section

Thermal Oxidation of Si Particles:  Silicon particles of 50-800 nm in di-
ameter were synthesized using a thermal plasma deposition technique by
the China Jiangsu Jinlei Technology Co. Ltd. As-grown Si powders were
dispersed on a quartz crucible and exposed in air completely. The quartz
crucible was placed in a box furnace and then annealed at elevated temper-
atures. The temperature was increased from room temperature to ~800 °C
and maintained for 30 min, after which the furnace was turned off and
Si powders were naturally cooled down to room temperature. X-ray pho-
toelectron spectroscopy (XPS) analyses were performed with a Thermo
Scientific spectrometer using a monochromatic Al K, radiation of energy
beam (1486.6 eV).

In situ Compression Test on Individual Si Particles: Si particles with di-
ameters ranging from 150-600 nm were selected for in situ compression
tests, and they were first individually dispersed on a specially designed
wedge-shaped silicon substrate, which allows unobstructed TEM imaging
during the compression. In situ compression tests were performed inside
a JEOL-2100F TEM (200 kV) using a Bruker’s Hysitron PI95 Picolndenter
with a flat diamond punch. The particle was compressed between the di-
amond punch and the substrate, and the deformation process was moni-
tored in real-time (recorded at 10 frames per second by the Gatan 833 CCD
camera). Given the spherical geometry of the Si nanoparticles, the orienta-
tion parallel with the loading direction is random when they are deposited
onto the substrate. Therefore, more than one hundred of nanoparticles
and chose those aligned along the common orientations, such as <111>,
<110>, <100> etc., for in situ compression experiments were character-
ized. The quantitative compression was run in the displacement-control
mode with the constant loading/unloading rates of 2 nm s~'. The dis-
placement of the punch as well as the contact diameter of the particle
with the punch were directly measured from the recorded video. A circu-
lar contact area is assumed to calculate the contact stress and the normal
compressive strain. Normal compressive strain (defined as the compres-
sion displacement of the particle z, divided by its diameter, D).

MD (Molecular Dynamics) Simulation: MD simulations are performed
using the Large Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).I36] The time step was 2 fs and the temperature was controlled
using a Nose-Hoover thermostat.[3”] Spherical samples of size 24 nm in
diameter (361759 atoms) are used. One configuration is a 10 nm radius
Si crystal with a 2 nm thick amorphous Si layer wrapped around the out-
side; the other configuration is a 11 nm radius Si crystal with a 1 nm
thick amorphous Si layer wrapped around the outside and some atoms
were deleted from the amorphous Si layer to make random 0-1 nm holes.
Uniaxial compression is achieved by using a moving virtual planar in-
denter. Infinite hard indenters were set up using a force field parameter
equal to 1000 eV A=3.138] The planar indentation was placed above the
sphere and moved down along the [1 1 0] direction at a constant speed
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of 0.1 A ps~1 during compression. This corresponds to engineering strain
rates of 4 x 108 s~ for 24 nm diameter sphere, which is typical of molecu-
lar dynamics simulations. The silicon nanoparticles were relaxed for 2 ns to
obtain an equilibrium state before applying the load. The MEAM potential
by Baskes[3°] was used which is considered to be the most reliable poten-
tial for predicting brittle fracture of silicon.[°] The atomic structures were
visualized with the Open Visualization Tool (OVITO) software package.!*]
Statistical Analysis: A quantitative compression test on tens of individ-
ual Si nanoparticles was performed. For each particle, its contact stress
with the diamond punch is defined as the applied force divided by the
contact area (zD;?/4, where D is the instantaneous contact diameter and
can be directly measured from the recorded video). To minimize errors of
the calculated stress value, each D; was measured for three times, and the
error bars indicate statistical errors in terms of the standard deviations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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