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Wepresent novel in-situ scanning electronmicroscope experiments exploring the fracture of silicon as a function
of temperature at themicroscale, from room temperature to 600 °C. Clear post mortem TEM observations of dis-
location activity at and above 450 °C suggest that back stresses from crack-tip dislocation emission raise the ap-
plied stress intensity at initiation, as part of a brittle to ductile transition starting at 300 °C. This is in agreement
with other microscale measurements; however, these experiments are particularly noteworthy in their ability to
directly observe crack advance and perform post-mortem analysis to investigate dislocation activity.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon remains one of themost important technological materials in
use today, especially for interconnected electronics at the micro and
nanoscale [1,2]. King et al.'s researchupdate [1] proposed that combined
material, metrology and modeling approaches will be essential to 3D
transistor and interconnect success in approaching the 5 nm scale.
While this can be easily accomplished using multi-scale modeling, un-
derstanding of the thermal, flow stress, fracture mechanics and scaling
behavior is severely lacking at the sub-micron scale. New metrologies
must be developed to provide verifiable property relations for multi-
scale simulations [1,2]. Silicon represents a model material for under-
standing brittle-to-ductile transitions (BDT), possessing a rapid transi-
tion occurring in the vicinity of 600–650 °C, identified long ago [3].
However, this transition is affected by variables [4] including size [5],
strain rate [6,7], stress state [6,7] and impurity content [8]. Under
some of these variable ranges, silicon can behave in a highly ductile
manner through dislocation emission. For instance, previous work on
compression of Si nanocubes (20–50 nm in size) [9,10] showed large
plastic strains over 50% with no indication of fracture. Eventually, acti-
vation volumes and critical stresses, which can be determined from
targeted experiments, will be needed to establish relationships between
deformationmechanisms and these variables. For micro- and nanoscale
mechanicalmeasurements, variousmethodologies and equipmenthave
been rapidly developed over the past decade [9–23]. Of these, use of fo-
cused ion beam (FIB) – fabricated specimens which are loaded by a
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nanoindenter system are popular [15–23], as the necessary equipment
can be utilized to create multiple testing configurations from bulk or
thin film materials. The present study demonstrates the ability to
study fracture in microscale silicon as a function of temperature using
such tools. This is accomplished using 1 μm thick, doubly-clamped,
pre-notched bending beams with in-situ SEM at temperatures up to
600 °C with a fixed strain rate and impurity condition, representing
only a small piece of the DBT variable spectrum for silicon.

2. Experimental

The basematerial utilized is a siliconwedge (~30 μmtall with a 1 μm
width at the narrowest top portion) substrate, which is fabricated using
KOH etching from a 〈001〉 silicon wafer, p-type doped with a final resis-
tivity of 0.001–0.005 Ω-cm, corresponding to 1 × 1019–1 × 1020 cm−3

boron doping. This material was ideal for focused ion beam (FIB) ma-
chining due to its well-defined crystallographic orientation and small
material removal requirements. Using an FEI Versa FIB/SEM, bending
specimenswere prepared usingGa+ ions at 30 keV accelerating voltage,
with progressively decreasing beamcurrent from3nAdown to 10 pA as
the cuts became finer. Final shaping cuts were performed at a 2° tilt into
the specimen to reduce FIB taper. The FIB machining process was a
slightly modified version of that described in Appendix A of [22]. For
the in situ testing configuration, shown in Fig. 1a, FIB machining from
the top exposes {110} surfaces, whose zone axis was parallel to the elec-
tron beam, while the indenter loaded the specimen parallel to a {100}
zone axis. The targeted geometry was a 10 μm span, 2 μm width, and
1 μmthickness. The specimenswere pre-notchedusing a FIB line cutting
modewith 10 pA current and 2° tilt. The notchwas targeted to be 1/3 of
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Fig. 1. a) SEMmicrograph of as fabricated pre-notched microscale Si bending beam, with important quantities marked: L (length), W (width), B (thickness), a (notch length). Note this is
an earlier specimenwith a/W=0.2 compared to a/W=0.33 for themajority of theworkwhich produced no significant difference in results. b) Schematic of Hysitron PI-87 SEM indenter
system with integrated tip and sample heaters.
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the beam width, or 0.667 μm and resulted in notches with a radius of
curvature of 15–35 nm.

Testing was performed with a Hysitron PI-88 in-situ SEM
PicoIndenter inside an FEI Versa dual beam FIB/SEM operating at
20 keV. Specimens were loaded using a wedge geometry probe with a
nominally flat contact surface 1 μm in width and 14 μm long. Loading
was performed in displacement control at 10 nm/s, corresponding to a
maximum bending strain rate of 0.0006 s−1. Drift correction was per-
formed utilizing the in-situ videos to adjust themeasured displacement
to the actual beam deflection. A novel Hysitron-designed heater system
which integrated with the PI 88 PicoIndenter, shown in Fig. 1b, was uti-
lized to control the temperature. This system utilizes separate resistive
sample and probe heaters, which are independently feedback-con-
trolled to improve tip-sample equilibrium and reduce drift. The screw
down clampingmechanism allowed the specimen to freely expand per-
pendicular to the indentation axis, thus eliminating thermal stresses. All
samples were annealed at 600 °C for 1 h prior to testing and each test
temperature setpoint was allowed to settle for 30 min. Additionally,
beneficial effects in terms of recrystallizing the surface damage from
the FIB process may have occurred as recently demonstrated for Si
[23], but this was not verified for these specimens.

The tested specimens were also thinned for post-mortem TEM via
FIB from the top to ~200 nm thickness utilizing a 100 pA beam current.
The sample was then mounted to a Hysitron PI-95 PicoIndenter for im-
aging in an FEI F30 TEM operating at 300 keV. Bright field images were
taken aligned near the 〈110〉 zone axis with 1 s exposure time.
3. Results & discussion

Bending experiments were carried out on 28 separate microbeams
at temperatures of 25, 150, 300, 450 and 600 °C, with 5–6 tests per tem-
perature. In Fig. 2a, example load-displacement curves are shown for
each temperature. For room temperature up to 450 °C, the load-dis-
placement response appeared to be classically brittle with a load drop
associated with crack nucleation and extension followed by further lin-
ear loading. At the highest test temperature of 600 °C, the load-displace-
ment curve instead flattens upon crack initiation which is indicative of
plasticity. This is also apparent when examining post-mortem SEM im-
ages as shown in the Fig. 2a insets, where residual bending can be ob-
served in the 600 °C specimen. After some initial elastic deflection, all
tested specimens nucleated a center crack extending from the notch ac-
companied by a load drop. This initiation point was chosen for further
analysis, plotted for all specimens in Fig. 2b, as later load drops were
complicated by secondary cracking near the clamping constraints in ac-
cordance with FEM simulations and experiments done by Jaya et al. [20,
21]. By comparison, observation of crack initiation from the notch asso-
ciatedwith thefirst load dropwas clear, as shown in the inset for Fig. 2b.
An interesting trend in the crack initiation load can be observed where
initially the load decreases from room temperature to 150 °C, then in-
creases up to 600 °C.

To examine the fracture load trend in greater detail, a finite element
method (FEM) analysis was carried out. The FEM analysis was accom-
plished using an average of the dimensions of the as-FIBed bending



Fig. 2. a) Load displacement curves for a representative bending beam experiments, with postmortem SEM insets showing the change from brittle to ductile behavior at 600 °C and b)
summary of loads for fracture initiation. Inset: in-situ SEM of crack initiation resulted in a rapid crack advance, scale bar 250 nm.
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beams (as measured by SEM), with isotropically averaged values of
Poisson's ratio and elastic moduli. A resulting applied KI, normalized
by the applied load, was calculated for several crack lengths along the
bending beam, which is shown in Fig. 3a. The KII curve was calculated
to be less than 0.1% of the KI magnitude in all cases and is thus not con-
sidered further. It can be observed that the applied stress intensity
reaches its maximum at 667 nm, the targeted FIB notch length, which
is in agreement with [20,21]. This effectively decreases the applied
mode I stress intensity at the crack or notch the further it has extended
across the beam. This configuration is then self-arresting, making imag-
ing and post-mortem analysis more feasible.

Perhaps the most obvious complication of these experiments is the
radius of curvature of the notch, which varied from 15 to 35 nm for
these experiments due to operating of the FIB near its resolution limits.
One can apply a first order correction factor, K′/K, where K′ is the in-
creased stress intensity due to the radius of curvature and K is the actual
stress intensity, based upon the plastic zone size as suggested by [18]

K 0

K
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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r
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σ2
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with KIc the fracture toughness and σy the yield strength as applied to a
notch with radius ρ. In order to utilize this correction factor, the re-
quired material inputs are the yield strength, and the fracture tough-
ness. Utilizing strength measurements from 1 μm micropillars
produced from the same wedge substrate (3 pillars at 300 °C and 3 pil-
lars at 600 °C), which produced comparable results to 880 nm
micropillars compressed by Rabier [17], a linear strength vs. tempera-
ture relationship of σys(GPa)=10.624− .01044(T(K)) was used. For
the fracture toughness input, the room temperature, bulk value of
0.7 MPa-m1/2 was utilized. The resulting stress intensity determined
from the curve in Fig. 3a is shown as a function of temperature in Fig.
Fig. 3. a) FEM calculation of applied stress intensity at the crack tip normalized by load for Si be
(one point is noticeably off the curve due to some minor calculation error). b) Comparison o
sharpness correction.
3b as the uncorrected curve, which is compared against the notch
sharpness corrected values. As the bending beam dimensions vary little
between specimens, the fracture initiation load trend is reflected in the
uncorrected values. For the sharpness corrected values, it can be ob-
served that the initiation stress intensity factor was close to 0.7 MPa-
m1/2 from 25 to 300 °C before steadily increasing up to 600 °C, a more
typical BDT transition with temperature which is a good match for re-
sults from silicon microcantilevers [19] and micropillars [16,17]. This
analysis suggests that the change in plastic zone size as a function of
temperature may have resulted in the fracture load trend from 25 to
300 °C. This furthermore suggests the increase in stress intensity from
300 to 600 °C may be based upon dislocation shielding since this is
not a fracture toughness incorporating large plastic energy dissipation.

To explore the possibility of dislocation shielding at the higher tem-
peratures further, post mortem TEM imaging of thinned bending beam
specimens was performed. A set of example TEM micrographs are
shown in Fig. 4(a–f), for specimens tested at different temperatures
and bending displacements. It can be seen in Fig. 4a that at 300 °C no ev-
idence of plasticity can be observed, which was similar to results at 25
and 150 °C test temperatures (not shown). Fig. 4b & c shows two exam-
ples at 450 °C test temperature, where in Fig. 4b (test terminated just
after crack initiation), there is a small region of dark contrast under-
neath the FIB notchwhichmay correlate to a plastic zone. The specimen
in Fig. 4c underwent further bending and a small number of loops can be
observed to expand from the crack arrest point. The results at 600 °C
shown significantly increased dislocation activity in Fig. 4d & e, where
a clear plastic zone is developed in Fig. 4d just after crack initiation. In
Fig. 4e, with further bending, the entire area from the crack to the con-
tact area is a plastic hinge consistent with the residual bending of the
specimen; a full view of the specimen from Fig. 4e is shown in 4f to
help contextualize the TEM images.
nding beams vs. crack length normalized by beamwidth. A parabolic relationship is found
f stress intensity for crack initiation from the FEM curve in (a) with and without notch

Image of Fig. 2
Image of Fig. 3


Fig. 4. Post-mortem TEMmicrographs of the crack region of amicrobeamdeformed at: a) 300 °C, b) 450 °C and displacement just up to crack initiation, c) 450 °C and highdisplacement, d)
600 °C and displacement just up to crack initiation, and e) 600 °C and high displacement, scale bar 200 nm. In f), a stitched TEM image of the full bending beam from which (e) is taken.
Note that the dense dislocation network at the ends of the bending beam formed after crack initiation.
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The result in Fig. 4d is particularly interesting, as it has the clearest
developed plastic zone. A promising capability of this experimental
scheme is direct observation of dislocations surrounding a propagating
crack for evaluating processes such as crack arrest and shielding. This
will require more TEM imaging conditions and sectioning of other re-
gions besides the central thickness for a complete picture, but this can
be briefly demonstrated here. In Fig. 4d, a plastic zone diameter of
2rp ~ 1000 nm was estimated. This can be utilized to obtain a first
order plasticity estimate of the crack arrest toughness from

rp ¼ K2
Ia=2πσ

2
ys ð2Þ

where KIa is the crack arrest stress intensity, giving a value of 2.13 MPa-
m1/2, which is appropriately higher than the initiation intensity. Regard-
ing the shielding, one can apply a back stressmodel to observed individ-
ual dislocations, such as the simplified 2D construction applied by
Higashida et al. [24]. which gives a local shielding stress intensity, kD, of

kD ¼
X
i

3μbi
1−νð Þ 2πrið Þ1=2

cos Φ=2ð Þ sin Φð Þ
( )

ð3Þ

where μb is the shear modulus times the Burgers vector, ν is Poisson's
ratio, ri is the dislocation distance of the ith dislocation, and Φ is the
angle between the slip plane and the crack tip. ForΦ, an error estimate
of ±12% was determined using a mean value of 35° for the angle be-
tween the 100 crack propagation axis and a f111g slip plane. If one as-
sumes a partial dislocation burgers vector of 0.227 nm, a shearmodulus
of 68 GPa and the distance, ri, for each dislocation in the apparent pile-
up of 7 dislocations on the left hand side of the notch, a shielding stress
intensity of 0.177 MPa-m1/2 is determined. Since only one slip system
was imaged realistically in 4f, due to a single g vector and a slight
twist of the bending beam along the crack axis, clearly many shielding
dislocations are missing. For these specimens, of the 12 available slip
systems, 6 are capable of producing shielding of the crack tip resulting
in a scaling up of the shielding estimate to 1.05 MPa-m1/2. If this value
is subtracted from the linear elastic FEM calculation of 1.65 MPa-m1/2,
a value of 0.6 MPa-m1/2 is obtained, fairly close to the Griffith value
based upon surface energy alone. All considered, the plastic zone esti-
mate above giving a value of 2.13 MPa-m1/2 might represent an upper
bound giving rise to an estimate of 1.4 ± 0.7 MPa-m1/2.
4. Conclusions

This study demonstrated the ability to utilize temperature control to
explore fracture initiation in microscale bending specimens. Using FEM
analysis and a notch sharpness correction factor, the loads for crack ini-
tiationwere converted to stress intensities values which increasedwith
test temperature according to a typical BDT curve. Here, a significant in-
crease in stress intensity for crack initiation was observed which
corresponded to nucleation of dislocations, confirmed by post-mortem
thinning and TEM imaging. It appears reasonable to attribute the in-
creased linear elastic stress intensity to dislocation shielding, though
more careful future experiments are needed to confirm such a hypoth-
esis. However, the results presented here are a promising starting point,
from which more careful evaluation of notch effects, more detailed
post-mortemTEManalysis of crack tip– dislocation interactions and ex-
ploration of more of the variable space controlling the DBT in silicon,
such as strain rate or impurity content, could be pursued.
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