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“Smaller is softer” is a reverse size dependence of strength, defying the “smaller is stronger” tenet. It
usually results from surface-mediated displacive or diffusive deformation and is mainly found in some
ultra-small-scale (below tens of nanometers) metallic materials. Here, making use of the surface modifi-
cation via ion beam irradiation, we bring the “smaller is softer” into being in a covalently-bonded, hard,
and brittle material-amorphous Si (a-Si) at a much larger size regime (< ~500 nm). It is manifested as

Keywords: the transition from the quasi-brittle failure to the homogeneous plastic deformation as well as the de-
Amorphous silicon creasing yield stress with sample volume reduction at the submicron-scale regime. An analytical model
Micropillars of hard core/superplastic shell has been proposed to explain the artificially-controllable size-dependent

“Smaller is softer”
Ion irradiation

softening. This surface engineering pathway via ion irradiation is not only of particular interest to tai-
lor the strength and deformation behaviors in small-sized a-Si or other covalently-bonded amorphous
solids but also of practical relevance to the utility of a-Si in microelectronics and microelectromechanical

systems.

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

There is a general trend of the size-strength relationship in
most materials, i.e., “smaller is stronger” [1,2], and the upper
bound of the strength increase is the theoretical limit [3]. This is
not the whole story in the size regime where physical dimension
matters, if we further reduce the material or sample dimension,
a size-dependent softening begins to take over at room tempera-
ture, manifested as the reduction in the applied stress for initiat-
ing plastic deformation with the decreasing size, i.e., “smaller is
softer” [4,5]. The “smaller is softer” size effect is of practical in-
terest for some very hard but brittle materials (such as the co-
valently bonded solids), since the reduction in the stress for ini-
tiating plastic deformation with decreasing dimensions makes it
feasible to achieve a suitable combination of strength and plastic-
ity [6-8]. Up to now, however, no such a trend has been found
in these materials. For metallic materials, of which the size ef-
fect in strength and deformability has been fully understood,
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the “smaller is softer” arises primarily from the grain boundary
or surface-mediated displacive and diffusion processes when the
grain size or tested sample dimension decreases down to tens of
nanometers [5,9,10]. However, for the inorganic nonmetallic mate-
rials with much stronger covalent bonding, the diffusion-dominant
or surface-mediated deformation is hardly accessible at ambient
temperature even in the very small tested volume below tens of
nanometers [11-14]. Here a question naturally arises, how to make
size-dependent softening feasible in hard and brittle materials.
For the purpose posted above, we resort to modulating the sur-
face property of small-scale free-standing samples, such that (i) the
near-surface regions which are usually perceived as the preferred
initiation sites of brittle cracking become “blunt and ductile”; (ii)
the surface-mediated deformation can come into play and become
increasingly dominant with decreasing dimensions, just as in small
enough metallic materials. One feasible way to do this is to irradi-
ate samples using an ion beam, as ion irradiation has been found
to be capable of making the creep-like plastic deformation at room
temperature possible in some ceramic and semiconductor materi-
als [15-19]. Via imposing nanoscale ion-matter interaction on ma-
terial surfaces, microstructures and interatomic bonds can be ma-
nipulated [15,20], and with the sample size reduction, the contri-
bution of the surface to the overall mechanical behavior becomes
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more and more significant. We, therefore, carried out quantitative
uniaxial compression testing of the focused-ion-beam-irradiated
amorphous Si (a-Si) pillars with varied sizes at micro- and nano-
scales, feasible using a quantitative nanomechanical testing system
inside electron microscopes. Here the choice of a-Si is made, in
lieu of crystals or compounds, mainly due to the following rea-
sons: (i) to avoid complications owing to the crystal anisotropy,
variable slip systems, chemical composition, etc.; (ii) besides be-
ing the classic covalent bonded amorphous material [21-23], a-Si
is also one of the most important semiconductors and has been
used as the structural material of Micro/Nano-electromechanical
Systems (MEMS/NEMS) devices [24-30]; (iii) a-Si is an intrinsic
brittle material even at the nanoscale [31]; (iv) ion beam irradi-
ation itself, which has been routinely used in microelectronics and
semiconductor industry as a powerful tool for doping [32-34], sur-
face smoothing, and cleaning [35], is of practical interest for a-Si.
In the following, we will demonstrate that the surface-modified a-
Si exhibits an apparent “smaller is softer” size effect extending into
submicrometre at ambient temperature.

2. Experimental
2.1. Deposition of a-Si film

The a-Si films were deposited to a wedge-shaped Si substrate
(110 pm height, 8 um top width) via the Plasma Enhanced Chem-
ical Vapor Deposition (PECVD). The wedge-shaped substrate was
selected to avoid the electron beam being blocked during the com-
pression of pillars inside the scanning electron microscope (SEM)
and transmission electron microscope (TEM). The deposition pa-
rameters are as follows: radio frequency (RF) power = 20 W, sub-
strate temperature = 250 °C, process pressure = 800 mTorr, SiH,
flow rate = 30 sccm, Ar flow rate = 475 sccm. The deposited a-Si
film with a thickness of about 11 pum adheres firmly to the sub-
strate surface, and no hillocks or big voids have been found in the
a-Si film during the layer-by-layer focused ion beam (FIB) milling
process.

2.2. Nanoindentation tests on a-Si film

Nanoindentation tests were carried out by the Bruker-Hysitron
Tribolndenter 950 with a diamond Berkovich nano-indenter. A-
Si films (~11 wm thick) deposited on the wedge-shaped single-
crystalline silicon substrate were compressed under the load-
control mode with the constant loading/unloading rate of 20 uN/s
(quasi-static loading) to the peak loads of 600 wN for the 2 s hold-
ing time. The nanoindentation depth (tens of nanometers) is much
smaller compared with the thickness of a-Si film (~11 um), and
hence the influence from the crystalline Si substrate can be ig-
nored.

2.3. Microfabrication of a-Si pillars for the uniaxial compression tests

The a-Si pillars with the nominal diameter d (at half height)
ranging from ~80 nm to ~2 pum and aspect ratio (defined as the
height to diameter) 2-3 were micromachined by the 30 keV fo-
cused Ga* ions beam (Field Electron and Ion Company (FEI) Helios
NanoLab 600 dual-beam FIB system) directly from the deposited
a-Si film. In the microfabrication process of pillars, the used ion
beam current for coarse cutting was in the range of 9.3-2.8 nA,
and the beam current for the final fine polishing was sequen-
tially decreasing from 280 pA to 1.5 pA. To avoid the pillars’ top-
rounding induced untimely yielding at a low stress, we rotated the
sample by 180° after a pillar was milled to the target diameter,
tilted into the pillar 1°-2°, and cut its round top. The a-Si pillars
for control experiments were further sequentially milled by the
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5 keV focused gallium ion beam as well as the low-energy argon
ion beam (2 keV, 1 keV, and 0.2 keV, in the Fischione Model 1040
NanoMill system) after the 30 keV high-energy focused gallium ion
beam milling.

2.4. Uniaxial compression tests inside SEM and TEM

Given the large studied size range, the uniaxial compression
tests were conducted with the Bruker-Hysitron TEM Picolndenters
PI95 (for small size pillars 80-400 nm) and Bruker-Hysitron SEM
Picolndenters PI87 (for the bigger size pillars 200-2000 nm) inside
TEM as well as SEM. For the big a-Si pillars, the forces they re-
quired for yielding are large and out of the 1.5 mN limit of Bruker-
Hysitron PI95 TEM Picolndenter. Therefore, they were tested inside
the FIB chamber by PI87 SEM Picolndenter, of which the maxi-
mum load is 15 mN. When the samples are small enough (e.g., <
350 nm), they can be tested inside TEM, as the forces required are
now within the limit of PI95. For all a-Si pillars, their engineering
stresses were calculated by dividing the load by cross-section area,
which is calculated as 7d2/4. The engineering strain was defined
as the ratio of the deformation displacement of the pillar (i.e. the
displacement reading minus the contribution from the substrate)
to its initial height (the distance from the top to the substrate).

2.5. Raman characterizations of a-Si before and after Ga* ions
irradiation

Raman microspectroscopy characterizations were conducted to
study the structural change in the Gat-ion beam fabricated a-
Si lamellas using a HeNe laser with an incident wavelength of
633 nm, using a LabRAM HR Evolution (HORIBA Jobin Yvon) spec-
trometer with the ~1 um spatial resolution. The output laser
power is controlled below 0.5 mW to avoid heating-induced crys-
tallization in a-Si.

3. Results and discussion
3.1. Nanoindentation test on a-Si samples with FIB irradiation or not

The focused ion beam (FIB) was chosen because of its powerful
ability in the site-specific bombardment and milling, to accomplish
the ion irradiation onto the surface and preparation of tested sam-
ples in the meantime. We firstly irradiated a-Si film (11 pm thick)
using the focused Ga* ions beam (30 keV) to study the mechan-
ical property change upon irradiation. The trajectories of 30 keV
Ga* ions into Si were simulated by the stopping and range of ions
in matter (SRIM) software [36]: Ga* ions can reach up to ~40 nm
in the depth direction (as shown in Fig. 1, the upper left inset). To
demonstrate the irradiation effect on the mechanical response of
a-Si and meanwhile decrease the influence from the un-irradiated
substrate as much as possible, the peak loading of 600 uN was
selected. The load-displacement curves shown in Fig. 1 compare
the a-Si samples with (red) and without (black) FIB irradiation (the
dosage of Ga™ ions is 2 x 10'6 ions/cm?): under the same nanoin-
dentation loading and unloading, the Ga*-irradiated a-Si has a
~16 nm indentation depth with the hardness of ~12 GPa, while
the FIB-free a-Si only has an indentation depth of ~6 nm and the
~7 GPa hardness; during the 2 s holding process (at 600 uN), the
former has a 1.5 nm plastic displacement, almost two times larger
than that of the latter. The nanoindentation tests unambiguously
show the Ga*-irradiated a-Si samples become significantly soft-
ened and demonstrate much better plastic deformability compared
with the FIB-free ones.
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Fig. 1. Ga ions irradiation induced softening of a-Si. Load-displacement curves of the Gat-irradiated (red curve) and FIB-free (as-deposited, black curve) a-Si from the
nanoindentation tests. The top left inset shows the simulated trajectories of the 30 KeV Ga* ions irradiation into Si using the stopping and range of ions in matter (SRIM)
software. The inset SEM image demonstrates the Ga*-irradiated zone and the as-deposited zone on a-Si film. The lower right inset compares the nanoindentation hardness

of a-Si with (red) and without (black) FIB irradiation.
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Fig. 2. Strength reduction and brittle-to-ductile transition in ion-beam-irradiated a-Si pillars with decreased size. (a) Representative engineering stress-strain curves of the
ion-beam-irradiated a-Si pillars with varied diameters. The inset shows the SEM image of an a-Si pillar with the nominal diameter d (at half height). (b) Morphologies
of compressed a-Si pillars with decreasing diameters from left to right, showing the intermittent-to-homogeneous transition in deformation mode. (c) Comparisons of the
engineering stress-strain curves and compressed morphologies of the as-Ga*-irradiated a-Si pillar (d = 486 nm) and the surface-nanomilled a-Si pillar (d = 405 nm).

3.2. Uniaxial compression on the Ga*-irradiated a-Si pillars

A-Si pillars with a nominal diameter d ranging from 80 nm to
~2 um and aspect ratios of 2-3 were micromachined by FIB di-
rectly from the deposited a-Si film. This size range was selected
because most of the small-volume solids in this regime demon-
strate a “smaller is stronger” trend according to our conventional
wisdom. The inset in Fig. 2(a) shows the scanning electron micro-
scope (SEM) image of a typical a-Si pillar. By controlling the cur-
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rent density of the ion beam and the milling time of the final-
step fine polishing [18], the dosages of Ga*t ions into all a-Si pil-
lars keep in the same order of ~10'® ions/cm2. These a-Si pil-
lars were compressed using a quantitative nanomechanical testing
system, and the loading was performed under the displacement-
control mode with the constant strain rate in the range of 1073/s
to 10-2/s, i.e., quasi-static loading. Fig. 2(a) demonstrates the rep-
resentative engineering stress-strain curves of a-Si pillars with var-
ied diameters. For pillars with d > ~1 um, “strain bursts”, defined
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Fig. 3. “Smaller is softer” in the Ga-ion-beam-irradiated a-Si pillars. The yield
strengths (at 5% plastic strain) as a function of the pillar diameters. Most of the
pillars were compressed with an electron beam blocked (the corresponding data
is represented by open squares, and the half-up solid squares represent the pil-
lars tested inside TEM with an e-beam on). The red curve is the fitted curve of all
data points according to Eq. (4): the strength is an increasing function of decreas-
ing sample size. The top left inset shows the TEM images of a d = 85 nm a-Si pillar
before and after compression, showing the homogeneous plastic deformation. The
lower right is the SEM image of a compressed pillar (d = 1280 nm) demonstrating
an obvious shear-off step (the localized and intermittent deformation).

as the distinguishable separation between the elastic and plastic
part at the stress of ~7 GPa, can be clearly seen on the engineer-
ing stress-strain curves, showing a quasi-brittle failure character-
istic (also see their compressed morphologies shown in Fig. 2(b)).
With further reduction of d, the strain jumps are absent and the
continuous plastic flow begins to take over. In this case, the flow
commences via shear-banding, as again visible in the pillars’ mor-
phology after compression, but continues further in a smooth fash-
ion. When d decreases below ~500 nm, a-Si pillars deform homo-
geneously, showing significantly improved plastic deformability. In
the studied size range here from 80 nm-2 pm, the transition from
elastic to plastic flow (i.e., yielding) sets in at a lower and lower
stress with smaller d, and the flow stress decreases accordingly. It
is evident that the smaller samples tend to demonstrate the ap-
parent soft and smooth flow response. To validate that the transi-
tion from quasi-brittle failure to plastic flow is mainly attributed to
the Ga™ irradiation-induced surface softening instead of the sam-
ple size reduction, we fabricated some a-Si pillars with a diam-
eter of ~400 nm (below the above-mentioned transition size of
~500 nm), and then further polished their surface using the low-
energy Ar ion beam to minimize the irradiation effect (see Experi-
mental Section 2.4 for more details about the surface nanomilling).
It has been reported that the Ga™ irradiation-induced damage layer
on the Si surface can be reduced to less than 1 nm after the Ar ion
beam nanomilling with the energy as low as 0.2 keV [37], which
could be neglected for a pillar with a diameter of ~400 nm. From
the engineering stress-strain curves and compressed morphologies
of the surface-nanomilled a-Si pillar and the as-Ga*-irradiated a-
Si pillar (the diameter of the latter is larger, Fig. 2(c)), we can see
that once the Gat-irradiated surface layer is diminished to an ig-
norable thickness, the a-Si pillar becomes “brittle” again, i.e., the
decreasing diameter of a-Si pillars doesn’t mainly account for the
enhanced plasticity.

To demonstrate the size-affected strength of Ga'-irradiated a-
Si pillars more clearly, Fig. 3 summarizes their yield strength at
5% plastic strain (denoted as o p=sy) as a function of d. The mea-
sured yield strength decreases with size reduction, and this change
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is more dramatic for smaller pillars (d < ~500 nm). Note that
the quantitative compression tests were carried out under electron
beam (e-beam) imaging. To avoid the possible heating and radiol-
ysis effects from the e-beam, especially for the smaller-sized sam-
ples compressed inside TEM (200 keV), the e-beam was blocked
after positioning the punch near the sample. Most of the a-Si pil-
lars were tested with e-beam off (represented by the open squares
in Fig. 3), and some pillars (the half-up solid squares) were tested
under the e-beam illumination inside TEM (e-beam intensity <
2 x 102 A/cm?). The discrepancy of measured yield strengths
under e-beam on and off conditions is within the margin of er-
ror, suggesting that the e-beam effect can be negligible here. To-
gether with the “smaller is softer” trend in strength, the apparent
intermittent-to-homogeneous or “brittle-to-plastic” transition oc-
curs: the pillars (d > ~500 nm) with obvious shear steps formed
during “strain jumps”, which correspond to the intermittent ki-
netics of shearing-banding, show a shear-band-dominated local-
ized plastic deformation; whilst the deformation appears predom-
inantly homogeneous when d decreases below ~500 nm, featuring
the mushroom-like shape (Fig. 2(b)) and consistent with their con-
tinuous stress-strain curves (Fig. 2(a)).

3.3. Characterizations of the Ga*-irradiated a-Si

To understand the ion beam irradiation-mediated softening of
a-Si pillars, we first characterized the Ga*-affected surface. The
high-resolution TEM (HRTEM) image of an a-Si pillar (d = 150 nm,
Fig. 4(a)) clearly shows the amorphous nature of the whole pillar
without obvious crystallization, a rather smooth surface, as well as
the absence of a visible boundary between the irradiated surface
and the unaffected inner zone. No obvious differences can be seen
from the HRTEM images, which show the typical maze-like con-
trast of amorphous solids, as well as the corresponding Fast Fourier
Transforms (FFTs) of the a-Si thin film before and after Ga* irradi-
ation (Fig. 4(b, c)). Considering that both the Ga*-irradiated a-Si
and its irradiation-free counterpart are amorphous, high-resolution
TEM characterizations may not demonstrate the structural change.
Therefore, Raman spectroscopy, the spectrum of which is sensi-
tive to the structural defects and bonding variations in a-Si [38],
was used. The inset in Fig. 4(d) shows the schematic of three a-
Si cuboid samples (4 um wide and 4 pum high) finely milled by
FIB to the thicknesses of 2000 nm, 1000 nm, and 200 nm, respec-
tively. The thinning process was equivalent to that for the fabri-
cation of a-Si pillars. The incident laser (wavelength of 633 nm)
with a probe size of 2 um for Raman spectroscopic characteriza-
tion is perpendicular to the through-thickness direction of samples.
To avoid possible crystallization of a-Si caused by the laser heat-
ing, the laser power was controlled as low as possible (< 0.5 mW).
The penetration depth of the 633 nm laser into Si is about 3 pum
[39,40], larger than the thickness of all tested samples. Raman
spectrums of the Ga*-irradiated and reference FIB-free a-Si sam-
ples are shown in Fig. 4(d). The transverse optical (TO) peak with
the wavenumbers of ~470 cm™! is concerned specifically. Com-
pared with the FIB-free one, three Ga*-irradiated samples demon-
strate a TO peak position shift towards lower wavenumbers (nega-
tive Raman shift). The 200 nm thick a-Si specimen has the highest
Raman shift value of 8.2 cm™! (the red curve). The increasing nega-
tive Raman shift value with the thickness reduction of a-Si samples
agrees well with the trend of volume fraction of the Ga*-irradiated
layers (Fig. 4(e)) in each sample. Here the average thickness of the
FIB-affected layer is regarded to be 40 nm from the SRIM simula-
tion result of the 30 keV Ga*ions into Si (inset in Fig. 1) as well
as the fitted value of 39.8 nm according to a core-shell analytical
model and our experimental data (see Section 3.4 below).
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layer (right, gray) as a function of sample thickness, respectively.

3.4. An analytical model of “hard core-soft shell structure

Based on the above experimental results, the ion-irradiated
near-surface region (shell) in the a-Si pillar could be treated as a
separate but homogeneous continuum layer with different struc-
tures and mechanical behaviors from the unaffected inner part.
The most straightforward way of managing this surface effect is
depicted in Fig. 5 (the lower left inset), where an analytical core-
shell model is considered. According to the rule of mixtures, the
yield strength o of a-Si pillars can be expressed as

0 = Oghel fshell + Ocore (1 = fohelr) (1)

where o, and ocore are, respectively, the yield strength of ion-
irradiated a-Si shell and unaffected a-Si core; fe is the volume
fraction of shell in the whole pillar, and according to the core-shell
model it approximates
2
Sshen =1 - (1 - %) (2)
Owing to the shell thickness t is a constant regardless of pil-
lar diameter d, o4, iS supposed to be a size-independent con-
stant, while the core size, d-2t, is tied up with d. For a-Si, its plas-
tic strain and failure are mediated by the formation of nanoscopic
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planar defects, called shear bands (SBs) [41]. Studies on amorphous
metals at the micro- and nano-scale tell us that the strength is
controlled by the nucleation of the shear band, starting from its
embryonic stage: the smaller the sample size, the more difficult
this nucleation becomes, following a typical “smaller is stronger”
trend [42]. This size dependence can be explained from an energy
balance perspective with a resulting power law, according to which
we arrived at [42]

¥
T d-2t

2 2
Ocore — 00

3)

where o ore is the stress needed to initiate a single shear band,
and a main shear band may be the cause for the onset of plastic
deformation in a-Si pillars; W is a constant associated with Young’s
modulus, a-Si pillar aspect ratio (here assumed a constant of ~2),
and energy per unit area of the shear band. After shear band ini-
tiation, the required stress for maintaining the propagation/sliding
of the shear band becomes o,. It is the resistance against localized
severe shearing associated with the shear band itself, and hence it
can be deemed independent of sample size [43]. The stress needed
for shear band nucleation, o e, 1S sensitive to flaws and hence
strongly dependent on sample size. Plugging Eqs. (2) and (3) into
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Eq. (1), the resulting size effect of strength in a-Si is then

o= (] — %)2 . v +0¢+ |:1 - (1 — 2dt)2j| * Oshell (4)

d-2t

where d and o are the parameters measured experimentally, o
is the required stress for maintaining shear band propagation, and
assumed to be the average yield strength of micron-sized a-Si pil-
lars (6.6 GPa), W is a constant, o, (the yield strength of ion-
irradiated a-Si shell) can be derived by fitting the curve predi-
cated by Eq. (4) to the experimental data in Fig. 3. The fitting
curve in red plotted in Fig. 3 agrees well with the measured
strength variation, yielding o = 3.6 GPa, t = 39.8 nm. Noted
that the measured average yield strength of d = ~80 nm a-Si pil-
lars (ion-irradiated near-surface region spans the whole pillar) is
about 3.8 GPa, approximating the analytical solution of o ge. This
consistency validates the core-shell structure model.

3.5. Explanation for the significant “smaller is softer”

The analytical results suggest that a-Si pillars are significantly
surface-softened by ion irradiation and they can be regarded as the
composite material with Ga*-irradiated “soft” shell and unaffected
“hard” core. Softening and superplasticity of the near-surface re-
gions in a-Si result from the ion-irradiation-induced structural dis-
orders, which serve as fertile sites for plastic flow. Raman TO peak
originates from the tetrahedrally-bonded short-range order in the
ideal continuous random network structure of a-Si [44], and the
measured negative Raman shift from Ga'-irradiated a-Si pillars
(Fig. 4(d)) indicates the decreased mass density or more struc-
tural defects in a-Si [38,45,46]. Structural defects, such as the bro-
ken bonds with threefold coordination [47], “point defects”-like
dangling bonds and floating bonds, are introduced into the near-
surface regions of a-Si pillars during irradiation. The continuous
chain reaction of broken bond rearrangements as well as the co-
operation effect of these structural defects can facilitate the plastic

m

Journal of Materials Science & Technology 166 (2023) 106-112

events in irradiated a-Si [47,48]. Given the complexity and chal-
lenges in characterizing the ion-beam-irradiation-induced struc-
tural defects in amorphous materials, more details about these de-
fects (including their atomic-scale structure and formation mecha-
nism) as well as how they act as plasticity carriers in a-Si will be
further discussed in a separate paper.

To recapitulate, it has been known that a-Si is an intrinsic brit-
tle material even at the nanoscale [31], and its strength should
follow the well-established tenet of “smaller is stronger” till the
ideal strength limit (as schematically shown by the blue curve in
Fig. 5). Via the ion-irradiation-mediated surface modification, a-Si
pillars with the diameter from tens of nanometers to hundreds of
nanometers (denoted as Regime I in Fig. 5) demonstrate increas-
ingly enhanced plasticity as the size decreases and the significant
“smaller is softer” effect. This can be rationalized as below: the
confinement from the thick enough surface-plasticized shell can
effectively suppress the nucleation of cracks on near-surface re-
gions as well as their quick propagation across the pillar, and thus
the confined core gets the chance to deform plastically via the ac-
tivation and propagation of SBs; at Regime I (from submicron to
nanoscale), with scale down, the stress reduction caused by the
quickly increasing volume fraction of the soft shell prevails over
the SBs nucleation-controlled strength increase. Therefore, the ob-
served “smaller is softer” and the “brittle-to-ductile” is a “size ef-
fect” mainly due to the increasingly large surface-to-volume ratio
and surface-assisted homogeneous plastic flow. When one arrives
at Regime II (from submicron to a few microns or larger, where the
effect from the surface-plasticized can be ignorable), the strength
of the a-Si core is SBs propagation dominant and becomes insensi-
tive to sample size, approaching a constant value of oy = 6.6 GPa,
shown as the plateau in Fig. 5 (the dashed line).

4. Conclusion

In summary, making use of the ion-irradiation-mediated surface
modification, we switch the conventional “smaller is stronger” size
dependence of strength to “smaller is softer” in submicron-sized a-
Si, manifested as the deformation mode transition from the quasi-
brittle failure to the homogeneous plastic flow as well as the de-
creasing yield strength along with sample size reduction. Raman
spectroscopic characterizations and an analytical core-shell model
reveal the underlying mechanism. lon-irradiation-induced struc-
tural defects facilitate the superplastic flow in the affected near-
surface region. With size reduction, the softening and confinement
effects from the plasticized surface prevail over the SBs nucleation-
controlled strength increase and SBs propagation-mediated quasi-
brittle failure, showing lower and lower stress for initiating the
plastic deformation of a-Si and thus the overall plastic flow of the
whole sample. This work may not only shed new light on our un-
derstanding of the surface-dominant strength and deformation be-
haviors in small-volume materials but also inspire a feasible way
to tailor their mechanical properties for more reliable and stable
micro/nano-structured devices.
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