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In-situ TEM investigation of toughening in
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We report a length-scale-controlled Brittle-Ductile Transition giving rise to significant toughening of a
commonly brittle material. Using quantitative in-situ Transmission Electron Microscopy (TEM)
fracture experiments at room temperature on single crystal Silicon, we find that large samples fracture
concordant with the brittle bulk behavior at a stress intensity Kic ~ 1 MPa.m'/2. Below characteristic
dimensions of about 250 nm, however, the fracture toughness strikingly increases inversely with size to
at least triple. As evidenced from advanced in-situ TEM nanoscale strain mapping the stresses at the
crack tip approach the theoretical strength. At the same time, below this critical transition length
nucleation and propagation of dislocations was observed, shielding the crack tip and enabling the
unprecedented rise in fracture toughness. These first time in-situ TEM observations in nanoscale Silicon
at room temperature open new strategies to simultaneously strengthen and toughen indispensable yet
brittle functional materials solely by geometrical miniaturization.

Keywords: Size scale effect; Fracture toughness; Brittle Ductile Transition (BDT); Single crystal (SC) Silicon (Si); In-situ
TEM; Nanoscale fracture experiments; Toughening

Introduction

Highly brittle materials such as Si, GaAs, etc., commonly experi-
ence brittle fracture before noticeable dislocation plasticity at
room temperature (RT), owed to high Peierls stresses of their crys-
tal lattice. However, size effects giving rise to higher material
strengths in the submicron-scale [1-12] may impact the brittle
ductile transition (BDT) and toughening when characteristic
dimensions become small enough, even for highly brittle mate-
rials. Fundamentally, reaching sufficiently high stresses to nucle-
ate and move dislocations from an atomistic stress concentrator
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prior to fracture would generate a shielding effect, decreasing the
local stresses at the crack tip [13]. This enables toughening of
brittle materials, a feature predominantly observed for metals.

Si, the most abundant functional material in modern techno-
logical devices, is known to be almost ideal brittle. The BDT Tem-
perature (BDTT) of macroscopic Si is 562 °C at 1.3 x 107 s7!
strain rate. This can be higher or slightly lower depending on dif-
ferent experimental conditions, in particular the strain rate [14—
17]. Shifting the BDTT to RT solely by geometric reduction and
thus toughening the material at ambient conditions would be a
key enabler for improving performance of future microelectron-
ics devices.

Notably, the RT elastic strain limit of 100 nm pristine Si nano-
wires reaches 10 — 16% [18], approaching the theoretical elastic
limit (~ 17 — 20% ) [19], with ~ 20 GPa estimated fracture stress,
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while Molecular Dynamics (MD) simulations reported disloca-
tion emission from a surface step at 13.2% strain at 300 K in pris-
tine Si tensile specimens [20].

Literature reported BDT and increase of the fracture toughness
(Kic) of Si nanopillars [21,22] and nanoparticles [23] at RT, in
compression tests. However, compression presents an extrinsic
effect and mechanical constraint due to the confinement of fea-
tured cleavage planes between two anvils, inhibiting crack prop-
agation when samples become small enough [24] and is therefore
unsuited for studying BDT of highly brittle materials. Moreover,
literature on small scale Si fracture experiments mostly concern
the microscale [25,26], where a BDT is only observed at high tem-
peratures (HT). Jaya et al. [26] relate the change in fracture mech-
anism at 300 “C, well below the BDTT of bulk Si [14-16,24-29],
to a size effect in their 2 pm samples. Unfortunately, no clear
scale effect on BDT can be extracted since thermal energy is vital
in nucleating/activating dislocations at reduced stresses. More-
over, five times smaller specimens (~ 450 nm thick) tested at
RT [30], demonstrated the opposite behavior with purely brittle
fracture. Thus, a change in fracture behavior and ductility in Si
at small scales is only reported at high temperature in microspec-
imens [25,26,31].

Our hypothesis is that the size effect enabling reaching the
ideal tensile strength in Si for small enough defect-free volumes
may have a profound and so far unexplored impact on the frac-
ture resistance, characterized by K¢ and the related BDT, of one
of the best mechanically characterized technical materials in the
world. This would become exceedingly dominant at even smaller
dimensions in the range of ~100 nm. Validation requires exper-
iments at even smaller sizes than those tested by Gallo et al. [30]
and confirmation of presumed fracture mechanical conditions.

Knowledge concerning the possibility to shift the BDTT to RT
solely by geometric reduction to the sub-micron scale is still lack-
ing, however, of vital importance for damage tolerance in the
framework of ongoing miniaturization trends of components.
To close this gap, we explore the size range [90 — 350] nm via
quantitative in-situ TEM fracture experiments on pristine pre-
notched single crystal (SC) Si bending beams in conjunction
with advanced in-situ nanoscale strain mapping [32] and detailed
Finite Element Method (FEM) simulations.

Materials and methods

Sample fabrication using FIB

(100) Si wafers provided from Infineon Technologies Austria AG
(Villach, Austria), and (110) Si wafers from CrysTec GmbH (Ber-
lin, Germany), both of high purity (undoped, resistance
> 1000 Qcm) and grown by the Czochralski method, are used
in this study as starting materials.

A single cantilever bending test geometry is chosen, with the
beams clamped on one side, see SI-Fig. 1(a) and (b) in SI-1, to
reflect the most common fracture experiment geometry used at
small scales [26,30]. This was proven to be the most tolerant
for misalignment problems between the indenter tip and the
sample surface. The free end avoids residual stresses that could
be imposed in double clamped bending beams, while the rectan-
gular shape allows a straight forward analysis of K¢ using Linear
Elastic Fracture Mechanics (LEFM). Furthermore, in application

MEMS components (e.g. actors or sensors) are typically loaded
in bending. The bending beams, fabricated using Focus Ion Beam
(FIB) milling from (100) Si wafers, are oriented along [011] direc-
tion and notched along (011)[100] schematically shown in SI-
Fig. 1(b) and (c) in SI-1 and revealed by the corresponding diffrac-
tion pattern (DP) presented as inset of SI-Fig. 1(c) in SI-1. The sec-
ond set of bending beams FIB fabricated from (110) Si wafers are
designed such that bending beams are oriented along [001] direc-
tion and notches along (001)[110]. For both sets, notches (cracks)
are introduced in the <110> propagation direction. Notch orien-
tation nomenclature: (plane)[front], where (plane) is the cleavage
plane the crack is introduced for and the [front] direction is the
direction normal to the projected plane (in TEM images, i.e. zone
axis).

Samples are first shaped to a wedge by grinding and polishing.
Subsequently, lamellas spanning over few 100 um length and
20 ym in thickness are fabricated in the top surface of the
wedge-shaped sample by a femtosecond laser system [35]. Fur-
ther machining of the bending beams is carried out using a FIB
LEO 1540XB (Zeiss, Oberkochen, Germany) operating at 30 kV.
Coarse milling is performed with a milling current of 2 nA. A
lower milling current is used for shaping the bending beams
and final cuts are performed using 10 pA to remove redeposited
layers. The beams aspect ratio is chosen to be roughly ~1-1-5
or 1-2-10(T-W-L), T for thickness, W for width and L for
length. For dimension reference see inset in Fig. 1(a) and
SI-Fig. 1(b) in SI-1, except for the thickness which is in the trans-
mission direction. This choice of aspect ratio allows to mimic a
standard configuration of a fracture experiment on pre-notched
samples, where the length is large enough compared to thickness
and width. This also prevents shear stress components especially
at the fixed side of the beam when loading it downwards from
the top side, as & >4 is obtained [36]. All tested specimen
dimensions are presented in SI-Tablel in SI-2.

Due to the importance of the thickness dimension in such size
effect studies, analytic Electron Energy Loss Spectroscopy (EELS)
is used for accurate thickness measurements [37]. Uncertainty for
the thickness measurements using EELS is of few nm to ~20 nm
with increasing sample thickness.

Sharp notches introduced with the electron beam in TEM

In the Cs corrected TEM JEOL 2100F operating at 200 kV, at high
magnification (600 K), we focus the electron beam to cut notches
through the thickness of the specimen over a length a. These
notches are very sharp with a radius equal to few atomic columns
up to less than 2 nm maximum, see SI-Fig. 1(d) in SI-1, making
them comparable to ideal sharp cracks. The notch length a is
chosen to be in the range of ~¥, following works dedicated to
the investigation of notch length and width ratio effects on
the measured Kic, ensuring a valid fracture experiment and a
stable crack [25,38,39].

Structure recovery (recrystallisation of the FIB damaged layer)
Due to its potential effect on the measured mechanical param-
eters, the amorphous Si emerging as a damage layer during FIB
fabrication [33] and obviously displayed in TEM images is
recrystallized through annealing under high vacuum after FIB
machining and notching. This is performed in-situ in the
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In-situ TEM experiments demonstrating size dependent fracture toughness in Si. (a) Fracture toughness K¢ versus thickness for 20 nanoscale specimens
having two different crystallographic orientations. The grey band represents Kic values for bulk Si [44], varying between [0.7 — 1.3] MPa.m'/2, Inset: STEM
HAADF image of the experimental setup indicating geometrical dimensions length (L), width (W), and crack length (a). The thickness (T) is in the third
dimension. All specimen dimensions and data are provided in SI-2, Table 1. (b) Load-displacement data of a 325 nm thick Si bending beam, insets: TEM
images correlated to loading steps 1-4. The video test is provided as SI-(T = 325 nm). (c) Load-displacement response of a 153 nm Si bending beam with
extrapolation of linear elastic behavior (dotted line). (d) TEM images correlated to loading steps 1-4 in (c). The video test is provided as SI-(T = 153 nm). Both
samples were notched along (011)[100] in the [01 1] crack propagation direction.

TEM using a double tilt heating sample holder, model 652,
tantalum® from GATAN, Inc. at roughly half of the Si melting
temperature (0.54-T, ~700 °C) for 20 min. This annealing pro-
cess in the TEM serves three purposes: recrystallisation of the
damaged layer [34,40], annihilation of possible pre-existing dis-
locations [41], and removal of Ga implantation [40]. However,
after annealing at 700 °C, few nm scale features are observed
on the specimen surface. We regard that these are Ga droplets
diffused out from the implanted specimen volume, also
observed in [26], and some Si clusters from the recrystallized
amorphous Si [40]. Latter work shows that elastic properties
of FIB milled Si nanowires are recovered after annealing. Corre-
sponding TEM investigations for recrystallisation of the outer
layer and surface features proving diffusion of Ga from the
implanted volume to the surface are presented in SI-3. Never-
theless, most important to note is that the notch (Crack) was
not produced by FIB, but was generated by the electron beam.
Hence the main part of the material in the vicinity of the
crack tip is an FIB unaffected Si. Moreover, Weak Beam Dark
Field (WBDF) TEM images confirming the dislocation free nat-
ure of the specimens and release of the elastic strain between
the outer damage/recrystallized layer and the specimen volume
after annealing are provided in SI-3.

In-situ TEM fracture experiments

The in-situ TEM fracture experiments are performed using a Hysi-
tron Picoindenter PI-95 from Hysitron, Inc. running feedback
loop enabled displacement-controlled experiments. A conduc-
tive wedge diamond tip from Synton MDP is used for bending
the notched cantilevers. Tests are generally performed at dis-
placement rates of 1 or 2 nm/s unless stated differently. This cor-
responds to strain rates of 2.15.107* s! and 4.3.107* 57!,
respectively, for a typical specimen with dimensions of
T=128 nm and L =1.6 um. The strain rate is calculated using:

£=3. (%’) -Av, where Av is the displacement rate. Load-

displacement data are collected with 200 points per second,
and a synchronized video of the experiment is recorded with a
frame duration of 33 ms and a pixel resolution of 1.28 nm. A typ-
ical in-situ TEM test is provided in SI-Typical_Test (acc.
X10). The videos tests of the two specimens presented in Fig. 1
are provided as SI(T=325nm) (acc. X3) and SI-
(T =153 nm) (acc. X6).

Data evaluation
LEFM is used to calculate the critical stress intensity at fracture
Kic using Eq. (1) [42]:
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F-L a

Kic = (W)’TW) (1)
Here F is the force at fracture, and f(a/W) is a geometrical factor
depending on the ratio .

f(a/W) is calculated for a single notch cantilever bending test
as given by Eq. (2) [43]:
» {B6)° (1,23 = () (1~ #)))(-6.09 + 13.96() — 14,05 (%))}
21+ 2()(1 -4

(2)

Error bars primarily account uncertainty on the length L, as
due to the wedge tip radius the actual loading point can shift sev-
eral nanometers, as well as the uncertainty on the thickness mea-
sured using EELS which can vary from a couple to few tens nm.

Details to the conducted FEM simulations as well as any other

in-depth analysis are provided in the Supplementary
Information.
Results

Size effect on K¢

Fig. 1(a) presents the variation of Kjc with thickness (T'), ranging
from [90 — 350] nm. Eighteen specimens (blue symbols) are fab-
ricated with zone axis [100], oriented along [011] and notched
alongside [011], also representing the loading direction, as
detailed in SI-Fig. 1(b) in SI-1. Two specimens were designed with
zone axis [110], oriented along [001] with notches alongside
[110] (green symbols).

In this specimen geometry, the critical dimension is (W — a),
with W being the width of the bending beams and a the initial
pre-crack length. Since dimensional ratios of the specimens were
kept about constant (see section Materials and Methods 2.1), for
convenience and comparison to literature, data plots and related
discussions relate to T. As shown in Fig. 1(a), for samples with
T > 250 nm K¢ is in accordance with bulk Si data [44]. Strik-
ingly, samples with T < 250 nm exhibit a steady increase of
Kic to at least three times higher values. Before going into details,
assigning this increase of Kjc to a material size effect and eluci-
dating possible origins, strict validation of the chosen linear elas-
tic approach and the prevalence of plane strain loading
conditions is compulsory to establish a foundation for the subse-
quent data analysis. This is presented in SI-2, where based on an
analytical assessment of Irwin’s plastic zone r, as well as three-
dimensional FEM simulations for decreasing T at constant W
we validate the plane strain assumption. Within the tested size
range possible influences due to the changing stress state are
amounting to less than 5% (SI-Fig. 2b in SI-2).

Thus, the concepts of LEFM and the prevalence of plane strain
conditions are applicable for our analysis. The well-known thick-
ness or size effect on the fracture toughness of conventionally
sized ductile samples in the transition from plane strain to plane
stress does not influence the fracture resistance in the current
work. Thus, we state that the striking increase of Kic for
T < 250 nm in Fig. 1(a) must have its origin in another length-
scale related effect. This newly discovered size effect on fracture
toughness at RT in notched Si nanobending beams represents
an unknown intrinsic property of Si existing at very small length
scales.

On the origin of the size effect on K¢

WBDF TEM imaging confirms that specimens contain no disloca-
tions, (SI-3). Furthermore, sharp notches, i.e. cracks, are of critical
essence in fracture testing, and herein notches tip radii are from
few atomic columns to 2 nm maximum (SI-Fig. 1(d) in SI-1). The
FIB damage, such as amorphous surface layer and Gallium
implantation, is removed after annealing in-situ in the TEM (high
vacuum) (SI-3). Thus, the present specimens are pristine, in the
range of 100 nm thickness, and with very sharp notches acting
as crack tip singularities. Hence, due to the perfect crystallinity
of the specimens, a high elastic strain and related extremely high
stresses can be attained near the notch tip. Reaching the theoret-
ical shear stress before the theoretical tensile stress [27,45], the
material could overcome the activation energy barrier for disloca-
tion emission and the Peierls stress to move dislocations. Once
dislocations are emitted before reaching the fracture stress, they
cause shielding to the crack tip, reducing the local crack tip stress
intensity and give rise to a higher Kic. The reality of this scenario
is directly investigated via in-situ and postmortem TEM disloca-
tion observations near the crack tip, as well as in-situ TEM strain
mapping during the fracture test.

Dislocation observations and characterization

Evidently from the load-displacement data of the specimen with
T = 325 nm in Fig. 1(b), the loading is entirely elastic until brit-
tle fracture occurs at Kjc = 1.16 +0.08 MPam!/2. Correlated
Bright Field (BF) TEM images matching different points along
the curve show only a moving bending contour upon loading
due to elastic changes in crystal orientation. The video test is pro-
vided as SI{(T = 325 nm) (acc X3). Strikingly different, a linear
fit to the force-displacement data for the specimen with
T =153 nm (dotted line in Fig. 1(c)), is possible from F=0 to
F=4.31 pN (Point 2 in Fig. 1(c), and in agreement with accompa-
nying FEM calculations. After this point a different function
would be required to properly describe the data. Thus, the
load-displacement data in Fig. 1(c) shows a slight deviation from
linear elasticity at point 2, continuing until fracture. In the LEFM
framework, as validated in SI-2, K;c = 2.37 + 0.32 MPam!/2. Cor-
related BF TEM images confirm that the linear elastic loading part
until point 2 is devoid of any plastic activity. However, at point 2
and further, TEM images (2) & (3) in Fig. 1(d) illustrate, besides
the bending contour, clear plastic activity in the notched zone.
The specimen did not fracture completely, and the still con-
nected beam bent back upon unloading. The video test is pro-
vided as SI(T =153 nm) (acc X6).

This specimen was thinned afterwards by FIB (5kV, 10 pA) for
postmortem TEM observations.

Fig. 2(a) presents a BF TEM image (few degrees off from zone
axis [100], using g(022)), revealing dislocation lines in front of
the arrested crack tip. Based on the possible activated slip systems
obeying the visibility criterion (g.b#0), we identified five screw
and two edge dislocations 1/2 < 110 > {111} near the crack tip
that perfectly match two systems along (111) and (111) slip
planes, shown schematically in Fig. 2(a). Details on the disloca-
tion analysis are given in SI-7.

As stated before, this
Kic = 2.37 £ 0.32 MPa.m'/2.

failed at
Assuming that the crack was

specimen
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(@A) T=153 nm

FIGURE 2

TEM observation of dislocation activity ahead of the crack tip. (a) FIB thinned post mortem BF TEM image of a crack tip trapped by few dislocations acquired
under g( 022 ). Inset: corresponding diffraction pattern. Schematics depict possible screw (blue) and edge (red) dislocations on (111) and (111 ) planes in Si
for the given’crystal orientaiton. (b) Post mortem HRTEM of a specimen with few dislocations revealed next to the crack path after one loading-unloading
cycle and according stable crack propagation. Crack tip blunting is evident from the pre (black) and post testing (blue dotted) crack contour. (c) BF TEM
images extracted from an in-situ test, showing a dislocation line and bend contour overlapping at the upper left side of the notch, which upon further loading
become clearly resolvable, as the latter changes to the lower right side of the notch.

arrested/shielded by dislocations, we would expect a local shield-
ing intensity Kpey = (2.37 — 1.2) = 1.17 MPa.m'/? when taking
Kgrigim of Si equal to 1.2 MPa.m!/? for convenience. Applying
the simplified 2D back-stress model suggested by Higashida
et al. [46]:

KD,caI = Z {u_\;?;l(lzb,m’)l/z COS(@/Z)Sln(@)}

with u (68 GPa) being the shear modulus, » (0.38 nm) the Burg-
ers vector, v (0.28) the Poisson’s ratio [47], r; the distance of each
dislocation to the first dislocation at the crack tip, and ¢ the angle
between slip plane (111) and crack direction, taken to correspond
to [011], we obtain Kp 1 ~ 1.125 MPa.m'/2, convincingly close to
Kpexp (1.17 MPa.m'/?). Thus, we conclude that the observed dislo-
cations suffice to explain the observed increase in Kic.

To further corroborate dislocation activity, blunted crack tips
after dislocation emission have been documented. A BF TEM
image of a ~ 130 nm thick specimen shown in Fig. 2(b) reveals

that the notch size became larger after crack propagation (blue
dashed line) when compared to its initial size before testing
(black line). Few dislocations along the crack path are observed,
indicated by arrows in Fig. 2(b) and Fig. 2(b)-inset(right). Addi-
tionally, BF TEM images extracted from an in-situ test video in
Fig. 2(c) show a curved dislocation line originating from the
notch tip. Upon further loading, the bending contour becomes
obviously discernable from this dislocation, as it changes posi-
tion to the opposite side of the notch. These dislocation obser-
vations in the notch tip area are representative for specimens
with thicknesses <250 nm and explain the increase of Kic.
18 specimens tested in the current work have notches with
<110> crack propagation direction on the {110} cleavage plane,
thus along the easiest cleavage propagation direction and one
of the favorable cleavage planes in Si predicted from ab-initio
calculations [48,49]. Thus, despite examining this weakest crys-
tallographic configuration prone to cleavage, the postmortem
TEM image in Fig. 2(a) and the other in-situ TEM images pre-
sented in Fig. 2(b) and (c) show dislocations in small specimens.
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We would expect this to be even more pronounced for non-
cleavage orientations.

Approaching ideal strength in Sl below < 250 nm samples
In the notch tip singularity, the stress strongly increases propor-
tional to -, with r being the distance to the notch tip, as shown
schematically in Fig. 3(b). To quantify this, we determined the
local strain state via in-situ TEM strain mapping [32], see details
in SI-4.

Fig. 3 shows the results for a notched bending beam with
T =136 nm in an area of 100 nm x 100 nm around the crack
tip. The test is stopped during loading in the elastic regime,
before plasticity or fracture would take place, and a strain map
is acquired for the blue box in Fig. 3(a). The respective mapped
area is shown in Fig. 3(b), while the resultant experimental elas-
tic strain map in [001] direction around the notch is presented in
the right hand side of Fig. 3(c).

This strain represents the tensile strain in the notch area (¢,)),
i.e. in the opening direction of the crack, which reaches ~8% at a
distance of ~5 nm from the notch tip. For validation, the FEM

FIGURE 3

elastic tensile strain map of a computational digital twin with
identical dimensions loaded to the same point is displayed in
Fig. 3(b)-(left-hand-side), demonstrating excellent agreement
and validating the plane strain condition and respective data
analysis.

Due to the crack tip singularity, the elastic strain can in fact
reach even higher values than the measured 8%, as the strain
map was acquired at a certain fixed displacement possibly close
to the fracture load. Notably, due to slight thermal drift of the
sample during strain mapping the force fluctuated by ~1 uN.
Thus, potential deviations from linear elastic loading cannot be
captured with certainty.

Based on the above analysis, the local strain at the crack tip
can well approach the ~13% strain required for nucleation of a
perfect half loop dislocation in the (111) shuffle set plane
reported from MD simulations [20].

Taking the average instantaneous force F; (4.1 uN) applied
during strain mapping, we calculate the von Mises stress tensor,
more details are presented in SI-5. At this loading stage, the
Peierls stresses estimated as [4.6 — 5.77] GPa for Si [50] are easily

T= 136 nm

In-situ strain mapping during a nanoscale fracture experiment on single crystal Si. (a) STEM image of an in-situ test of a 136 nm thick specimen, stopped at an
applied load of 4.1 uN for strain mapping of the notch area highlighted by the blue square. Inset: Reference DP acquired at zero load. (b) STEM image of the
notch area for strain mapping and schematic of the tip singularity. (c) Right hand side: experimental strain map representing the strain along [001], i.e. in the
opening direction of the crack (eyy). Left hand side: FEM strain distribution using a linear elastic model of identical dimensions and applied load.

6

Please cite this article in press as: I. Issa et al., Materials Today (2021), https://doi.org/10.1016/j.mattod.2021.03.009



https://doi.org/10.1016/j.mattod.2021.03.009

Materials Today ® Volume xxx, Number xx ® xxxx 2021

RESEARCH

overpassed in the tip singularity region of small specimens, as
shown by the grey area in the von Mises stress map in SI-5. Thus,
after dislocations nucleated, they can also propagate, as observed
in Fig. 2.

Shear stress vs. normal stress acting in small and large bending specimens
To rationalize the change in material behavior from brittle to
ductile for the present experiments by mere dimensional reduc-
tion, we follow the classical analysis [45,51] and compare the
tensile and shear stress fields in front of the crack. Three-
dimensional FEM simulations with constant ratios T/W = 0.5,
d/L=0.3, L/W =5 and a/W = 0.3 were carried out for nine differ-
ent thicknesses spanning from T = 100 to 2000 nm, respectively.
The mesh in front of each specimens is equally designed by a spi-
der shape, within a radius of r= 50 nm and a minimum element
size of 0.5 nm. The load of the different specimen sizes is defined
by a constant stress intensity K= 1.2 MPa,/m [44].

In Fig. 4(a), the normal stresses in crack opening direction
(ovy), lateral x-direction (oxx) and the equivalent Tresca shear
stress (o7esca) iN the specimen center are plotted over the angle
¢, where 0° denotes the crack growing path. Furthermore, the
different line types represent four different T. The results are pre-
sented for a constant distance to the crack tip of r=2 nm, where
LEFM can still be applied to describe the stress and strain field, as
confirmed in SI-Fig. 8 in SI 6.

Considering the stresses in the crack path direction at ¢ = 0°,
oyy decreases with decreasing T. Furthermore, the lateral stress
oxx increases even more with increasing T. orys.q, the important
quantity for shear deformation, is higher for smaller T due to
the different gradients of oxx for different T. This opposite trend
in normal and shear stresses with reduced size eventually
enables the nucleation of dislocations below a certain sample
dimension.

Importantly, while the difference in or.s, between specimens
with the T=200 nm and T = 100 nm is small but noticeably, for
T=1000nm and T =2000 nm the values are almost identical.
Therefore, a saturation at common bulk levels occurs naturally
for larger specimens. This is well represented by the increase in
fracture toughness in Fig. 1(a), where a slight increase is seen

for samples with T~ 250 nm, and tremendous changes take
place for T <250 nm.

Importantly, this effect is not related to the bending geome-
try, but also uncovered for the tension loaded specimen, as pre-
sented in the SI-Fig. in SI-6.

Shift of BDTT of Sl to RT at the nanoscale: Strain rate effect on Kyc at RT?
We revealed dislocation activity in front of a crack tip for speci-
mens in the range < 250 nm at RT, i.e. a BDT. Consequently,
we expect also a strain rate sensitivity of Kjc in this size range.
Fig. 5(a) presents six nominally identical specimens of
~120 nm thicknesses tested using largely differing displacement
rates Av, i.e. different strain rates ¢,
e=3. (Lﬂz) - Av.

The specimens tested at high displacement rates of 10 and
100 nm/s result in a Kic ~ 1.3 MPa.m'/?, while those tested at
lower strain rates of 1 and 2 nm/s exhibit higher Kic by at least
a factor of 2. Evidently, a strain rate effect on the K¢ of Si at small
scales exists, even at RT. This is in line with our observation that
the fracture process at such nanoscale dimensions is accompa-
nied by dislocation activity, which is responsible for crack tip
shielding and an according increase of Kjc. It also explains why
a recent study by Sumigawa et al. [54] conducting fracture exper-
iments on Si specimens in the range size of [110 — 550] nm, did
not observe a size effect on Kic. Their tests were performed at
rather high displacement rates of at least [S — 7] nm/s, corre-
sponding to strain rates in the range [0.0075 — 0.1] s!, taking
into account their geometry and dimensions as detailed in SI-
8. In accordance with the present data in Fig. 5(a), no dislocation
plasticity and consequently no toughening is expected in their
experiments.

calculated using:

Discussion

All the tested specimens are pristine and self-similar. Neverthe-
less, a critical size (T ~ 250 nm) below which not only the
strength, but also the toughness Kj¢ steadily increases is revealed
from our study. This also confirms the single fracture test by
Gerberich et al. on a 200 nm thick Si sample [53], suggesting a
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FEM calculations of the size dependent near tip stresses. (a) For the bending samples: Stress in x- (black lines) and y-direction (red lines) and the equivalent
Tresca stress (blue lines) as a function of the angle ¢ for a distance of r = 2 nm to the crack tip and K = 1.2 MPa.m'’2. The various line types denote different
thicknesses T, while T/W = 0.5, a/W = 0.25, L/W = 5 and d/L = 0.3 were kept constant. (b) The ratio of the equivalent Tresca stress at 70° and the opening stress
g,y (0°) (left Y axis, in bending and tension) and Kic (right Y axis) are plotted over the specimen thicknesses.
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Strain rate and test setup effects on the fracture toughness of Silicon at small scales. (a) Strain rate effect on K¢ for specimens of ~120 nm thickness tested at
RT. (b) Present size dependent K,c data of Si (blue) compared to literature (compression at RT [21,52] and fracture experiments at HT [25,26] as well as RT
[30,53]. Additionally, the extrinsic effect of large tip radii notches is demonstrated on two additional specimens having FIB introduced notches (black).

slight increase of K¢ at RT. Naturally the question for the funda-
mental origin of this length scale rises, and two general aspects
have to be considered. First, the strength of the pristine speci-
mens increases with reduced size [55-57], resulting in progres-
sively higher endurable stress levels before fracture in ever
smaller specimens, as evidenced via our in-sifu strain mapping
before fracture. Second, the shear stress level at the notch tip
becomes eventually sufficient to nucleate dislocations before
crack propagation, exerting local crack tip shielding [13] and ris-
ing the measured Kjc of small specimens.

To rationalize the observed critical dimension at which the
intriguing ductilization of Si commences, from the three-
dimensional FEM simulations presented in Fig. 4(a), we plot
the significant stress ratio of the equivalent oz, at 70° to the

. O Tresc © .
opening stress ayy (0°), (222)) over the calculated specimen
YY(0%)

thicknesses for all nine computed dimensions for tensile and
bending loading in Fig. 4(b). This visualization relates to the ini-
tial idea of Kelly et al. [45], transferring the problem of cleavage
or ductile fracture to the question whether the cleavage strength
or shear strength is reached first upon loading. The data clearly

. . e © . . . .
shows an increase of (—==“"°2), with decreasing specimens thick-
Yy(°)

nesses, meaning the shear stress becomes larger than the open-
ing stress component at the same external load. In comparison,
thick samples suggest a saturation or only a slight variation of
this ratio for larger samples being < 1. For specimens smaller
than 250 nm a strong increase of the stress ratio sets in, allowing
dislocation emission before cleavage fracture [51]. This increase
in stress ratio has similar trending to the measured K;c shown
on the right-hand y-axis in Fig. 4(b).

In summary, reaching stresses approaching the theoretical
strength at the crack tip in small specimens prior to fracture, as
confirmed by in situ strain mapping, allows nucleation and prop-
agation of dislocations. Moreover, as detailed by the three-
dimensional FEM simulations, in close proximity of 2nm to

O rosc, © . . .
the crack tip, the ratio of (Z=“)) increases inversely with spec-
YY(°)

imen size and becomes larger than 1 for specimens below
250 nm dimension. Hence, the critical shear stress to generate
the dislocation in the small specimens at few nanometers around

the crack tip becomes larger than the theoretical stress to cleave
the Si. As mentioned before, this can then be seen as the case of a
ductile fracture process, where the shear strength is reached
before the cleavage strength upon loading.

. .
(He4)) of small and large specimens in the
Yy (0°)

critical regime of few nm is mainly caused by the deviation of the
near tip stress field of small and large samples. For long cracks in
linear elastic materials and very small values of (r/a), it is known
that gy, equals g,,. However, for nano cracks even for distances of
few nanometers a significant deviation can be observed when
using the exact stress field solution. The deviation from the
equivalence of ¢,, and g,, (SI-Fig. 8 in SI-6) in the near crack
tip region causes an increase in oy, compared to g,,, facilitating
plasticity over cleavage. Importantly, not only does the ratio

This difference in

(%) match the experimental toughening results, the FEM
w(O)

simulations also demonstrate that the behavior is comparable
in tension (Fig. 4(b)), thus rendering this finding universal and

not loading mode dependent.

Conclusion

In conclusion, the BDTT of Si is shifted to RT at the nanoscale.
Compared to compression [21,52] and HT fracture experiments
[25,26] that involve extrinsic effects and potentially overestimate
Kic of Si at small scales as presented in Fig. 5(b), this work reports
for the first time a length scale dependent BDT and concurrent
toughening of SC Si at RT. The fundamental concept is conceived
as universal, as it only depends on elastic material properties and
is not dependent on the loading mode (SI-Fig. in SI-6). As such,
simultaneous strengthening and toughening of brittle SC materi-
als by mere dimensional reduction should serve as a general strat-
egy, opening new possibilities for damage tolerance in future
micro- or nanomechanical systems or photonics applications
[58].
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