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A B S T R A C T

In micro cantilever fracture, a bridge notch geometry with material ligaments at the notch ends helps to reduce 
focused ion beam artefacts near the notch root by arresting initial cracks and promoting fracture from sharp, 
natural cracks. Thus, it significantly reduces the statistical scatter in fracture toughness, a common but unde
sirable feature in micro fracture testing. Although this concept has been validated in simulations and experi
ments, systematic investigations into the optimal geometry remain lacking. In this study, we experimentally 
examine the influence of bridge width and notch depth on the fracture toughness of micro cantilevers, using 
single crystalline silicon as a model material. We found that samples with thinner material bridges and deeper 
notches exhibit crack arrest before failure, while those with thicker bridges do not show crack arrest instead 
exhibit apparent toughening. Cantilevers with an optimized bridge notch geometry for crack arrest exhibit a KIC 
of 1.09 ± 0.02 MPa m0.5, which agrees with previously reported fracture toughness for the Si (111) surface. 
Additionally, discrepancies between the bridge geometry in the experiment and the ideal structure resulted in a 
mismatch between the predicted and observed notch requirements for crack arrest. Our findings offer practical 
guidelines for designing bridge notch geometries to promote bridge failure, thus improving statistical analysis in 
micro fracture.

1. Introduction

Fracture toughness measurements at small length scales are now 
possible for various material systems from hard coatings to thin films, 
facilitated by mostly specialized indentation-based methods. These 
include traditional experimental approaches that estimate toughness 
from crack lengths generated around residual indents [1,2], as well as 
more advanced techniques such as single cantilever beam fracture, 
double cantilever beam fracture, and micro pillar splitting [3–7]. In 
addition to experimental approaches, theoretical methods such as esti
mations based on surface energy calculations using density functional 
theory (DFT) [8,9], cohesive zone modelling [10–12], molecular dy
namics simulations [13,14], and phase field modelling [15] have also 
been employed to predict fracture toughness. Nevertheless, experi
mental approaches remain essential for direct measurements at small 

scales as theoretical approaches often struggle to fully capture the 
complex mechanical responses, defect structures, or microstructural 
heterogeneities inherent to real material systems. The conventional 
nanoindentation approach has been widely used for measuring fracture 
toughness due to its versatility and ease of sample preparation [1,
16–18]; however, difficulties in determining crack geometry lead to 
measurement inaccuracies and limit its applications [5,19].

In contrast, the single cantilever beam geometry offers more accurate 
measurements and has become a preferred geometry for fracture 
toughness measurement of thin films or hard coatings [20–23]. Addi
tionally, it enables site-specific testing, for instance targeting individual 
grains, phases, or interfaces within complex heterogeneous micro
structures [24–28]. Fabrication of the single cantilever geometry pre
dominantly relies on focused ion beam (FIB) techniques, which 
inherently introduce gallium ion-induced artefacts near the milled 
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notch. These artefacts include implanted ions at the notch that even 
change the stress state [25,29], chemical interaction and segregation 
along interfaces [30–32], and a finite notch root radius instead of an 
atomically sharp crack [25,33]. Such artefacts contribute to experi
mental uncertainties and critically limit the accuracy and reliability of 
fracture toughness (KIC) measurement. Accurate KIC values are essential 
for the reliable design and performance of micro-scale systems, such as 
microelectromechanical systems (MEMS), as well as thin films and hard 
coatings, where catastrophic mechanical failures can initiate from small 
defects or FIB-artefacts. Therefore, further refinement of experimental 
methods to minimize FIB-induced artefacts remains a pressing concern. 
Despite ongoing efforts, the complete elimination of these artefacts re
mains challenging, necessitating further refinement of micromechanical 
testing methods [34].

Additionally, the single cantilever beam is inherently prone to un
stable crack growth, which implies that catastrophic failure occurs at the 
FIB milled notch surrounded by artefacts. Several alternative cantilever 
and notch geometries have been suggested over the years to overcome 
the aforementioned artefacts [6,35–40], each with limitations. One 
notable notching strategy is a modified through-thickness notch, also 
known as a bridge notch [3]. This notch is simply created by leaving thin 
material bridges on both ends of the cantilever’s top surface (see Fig. 1). 
When the bridge notch meets specific geometrical criteria, the bridges 
experience higher stress intensities than the notch front under loading, 
causing them to fail before the notch front [3]. In the ideal case, as the 
stress intensity at the notch front right after the failure of the bridges is 
still below the critical value, the cracks from the bridges are arrested 
initiating the final fracture of the cantilever from the atomically sharp 
natural cracks upon further loading.

After the introduction of the bridge notch concept, Brinckmann et al. 
[41] employed finite element method (FEM) simulations to evaluate the 
stress intensity at the bridges in comparison to the ones at the notch 
front in through-thickness notch geometry. These calculations provided 
guidelines for designing bridge and notch geometries to ensure that 
cracks from the bridge failures are first arrested before the entire can
tilever’s catastrophic failure. However, experimental observation of 
crack arrest and bridge failure in the small scale fracture testing was not 

reported until the recent work of Zhang et al. [42]. In their study, crack 
arrest was observed experimentally in CrN/AlN and CrN micro canti
levers, where crack growth was arrested after the failure of material 
bridges, and the resulting natural cracks subsequently grew, leading to 
the final fracture of the cantilever.

So far, bridge failure has only been experimentally observed in a 
specific bridge notch geometry [42]. However, it is essential to identify 
the range of bridge notch geometries likely to promote crack arrest. 
Therefore, a systematic investigation into the influence of varying notch 
and bridge geometries remains necessary. Such a study would not only 
provide experimental validation to complement the simulation work by 
Brinckmann et al. [41], but also address the source of overestimated 
fracture toughness of bridge-notched micro cantilevers in some material 
systems. As an example, previous studies have reported inconsistent 
mean values of fracture toughness, KIC, for CrN coatings depending on 
the width of material bridges in the milled bridge notch. Rield et al. [23] 
and Best et al. [43] reported mean KIC values of 3.8 ± 0.2 MPa m0.5 and 
3.4 ± 0.3 MPa m0.5, respectively, for notches with wide material 
bridges. In contrast, a mean KIC of 2.8 ± 0.2 MPa m0.5 was measured by 
Zhang et al. [42] for narrow (thin) bridges, highlighting the sensitivity 
of measured fracture toughness to bridge geometry.

To address these gaps, this study investigates the influence of notch 
and bridge geometries on crack arrest using single crystalline silicon 
cantilevers. Silicon is chosen as a model material system due to its well- 
documented small-scale fracture behaviour [4,37,44,45] and the pos
sibility of producing thousands of cantilevers using lithography. 
Approximately 1200 micro cantilevers with consistent dimensions were 
fabricated on a single piece of sample with a size of 20 × 20 mm using a 
lithography process, with 150 of these tested using in situ scanning 
electron microscope (SEM) fracture experiments. This fabrication 
method saves preparation time, enabling a statistically sound evaluation 
of notch geometry effects. Initially, micro-cantilevers were fabricated 
with varying notch depths while maintaining constant bridge widths. 
Subsequently, experiments were performed with varying bridge widths 
and fixed notch depths to systematically evaluate their influence on 
crack arrest behaviour.

2. Experimental procedure

2.1. Materials

A 100 mm diameter silicon on insulator (SOI) wafer (Siegert GMBH, 
Germany) was used as starting material to make test samples for the 
investigations. The wafer had a 3 μm-thick silicon device layer deposited 
on a 525 μm-thick silicon substrate separated by a 5 μm buried oxide 
(BOX) layer. The BOX layer acts as a barrier to isolate the device from 
the substrate, thereby preventing etching from progressing between the 
silicon layers and making it possible to fabricate MEMS devices and 
other similar structures [46,47]. The wafer was in the (110) normal 
orientation.

2.2. Cantilever preparation and notching

1200 micro cantilevers were produced at the Karlsruhe nano micro 
facility (KNMFi) using a combination of electron beam lithography and 
reactive ion etching. The as-received wafer was first spin-coated with 
polymethyl methacrylate (PMMA) (Labspin6, Süss MicroTec SE, Ger
many) electron beam resist to protect the surface from contamination 
during the subsequent cutting process. Then, the wafer was cut into 20 
× 20 mm chips, and each chip was marked by a parallel line on the 
backside to identify its in-plane crystallographic orientation for subse
quent steps.

The chip (hereafter called sample) was ultrasonically cleaned in 
acetone for 10 min, then rinsed in isopropanol and dried by nitrogen gas. 
A bi-layer of PMMA was then spin-coated on the sample, which resulted 
in a total resist layer thickness of 400 nm. Then, the pattern for the 

Fig. 1. Schematic drawing of the cantilever geometry showing the bridge notch 
with the designations of the geometry: W—cantilever thickness, B—cantilever 
width, L—cantilever length, a—notch depth, b—notch width, Mb1 and 
Mb2—width of material bridges 1 and 2, respectively.
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cantilevers was exposed to the resist layers on the sample by electron 
beam (EPBG5200Z, Raith GmbH, Germany) equipped with Beamer 
(GenISys GmbH, Germany) pattern generator system at 100 kV with a 
dose of 900 μC/cm2. In the next step, the exposed sample was developed 
in a 1:1 solution of Methyl isobutyl ketone and isopropanol (MIBK:IPA) 
solution for 45 s, followed by deposition of a 100 nm chromium film by 
electron beam evaporation (UNIVEX 400, Leybold GmbH, Germany). 
Finally, the PMMA resist layer was lifted off by dipping the sample in 
acetone for 5 min in a 50 % power ultrasonic bath. At the end of the 
lithography process, a hard chromium mask remains on the sample 
surface in preparation for etching. The steps for the electron beam 
lithography process are shown in Step 1 of Fig. 2.

Deep reactive ion etching (DRIE) of the sample with the chromium 
hard mask was done cryogenically in an inductively coupled plasma 
(ICP) lab system (100 ICP-RIE 380, Oxford Instruments, United 
Kingdom) (Step 2, Fig. 2). First, the sample was cooled to − 95 ◦C in the 
chamber before the etching began. Then, etch gases, sulphur hexafluo
ride (SF6), and oxygen were pumped into the chamber at 24 sccm and 6 
sccm flow rates, respectively. The etching process used a radio frequency 
(RF) power of 8 W and an ICP power of 800 W at a chamber pressure of 5 
mTorr and a strike step of 4 s, which resulted in an etching rate of 1 μm/ 
min and a total etching time of 3 min and 30 s.

Subsequently, the sample was wet-etched to remove the BOX layer 
by immersing it in a 5 % buffered HF solution for 1 h, then rinsing it in 
isopropanol, which produced free-standing micro cantilevers on the 
SOI’s device layer. Finally, the chromium mask was removed from the 
surface of the cantilever using TechniEtch Cr01 etchant (ceric ammo
nium nitrate: Perchloric acid: water = 10.9 %: 4.25 %: 84.85 %) for 2 
min before rinsing off in ethanol (Step 3, Fig. 2). An array of the can
tilevers produced by the steps described above is shown in Fig. 3.

These free-standing silicon cantilevers, which had nominal di
mensions of 2–2.5 μm width and thickness and 10–12 μm length, were 
notched perpendicular to the silicon’s (111) cleavage plane. Line ele
ments were utilized to mill bridge notches (see Fig. 1) on the micro 
cantilevers using a Ga+ FIB (Crossbeam 550L, Carl Zeiss AG, Germany) 
at an acceleration voltage of 30 kV with a beam current of 20 pA. The 
notch depths, a/W, varied from 0.20 to 0.45, and bridge width, 1-b/B, 
varied from 0.01 to 0.17. 150 cantilevers were tested within the 
framework of this study.

2.3. In situ SEM deformation testing

Micro cantilever fracture experiments were performed in situ in an 
SEM (Merlin, Carl Zeiss AG, Germany) using a PI 89 indenter (Hysitron, 
Bruker, USA) equipped with a 10 μm conductive diamond wedge tip 
(Synton-MDP AG, Switzerland). The sample was tilted at an angle of 15◦

using an in-house pre-tilt holder to increase the electron signal to the 

secondary electron detector. A low load displacement-controlled trans
ducer with a maximum load of 10 mN and noise floor of 0.4 μN was used 
for all the experiments because the low noise of this transducer enhances 
the direct observation of bridge failure [42]. Displacement rates of 10 
nm/s were used in the fracture tests.

3. Results

3.1. Fracture response via crack arrest

Representative mechanical testing data from a single micro canti
lever experiment are shown in Fig. 4. Fig. 4a presents an SEM image of 
the test setup, which includes the notched cantilever and the wedge used 
for the experiments. The corresponding load-displacement curve shows 
an initially linear elastic response, as expected for single crystalline 
silicon, followed by two small load drops before the final fracture 
(Fig. 4b). No visible change is observed in the cantilever until point c 
(Fig. 4c). As loading progresses, a first a drop occurs at point d, which 
corresponds to fracture at the first bridge (red arrow in Fig. 4d), then a 
second drop is observed at point e, associated with the fracture of the 
second bridge (indicated by arrows in Fig. 4e), before the final fracture 
event at point f. The cross-sectional image (Fig. 4f) reveals a cleanly 
cleaved (111) fractured surface, indicating brittle fracture behaviour. 
Green arrows mark the broken bridges. These observations indicate the 
arrest of a growing crack in the bridge-notched silicon cantilevers 
similar to those reported for CrN/AlN multi-layers and CrN hard coat
ings by Zhang et al. [42]. After each test, the bridge width (1-b/B) is 
calculated from the notch width, b, measured in the middle of the 
fractured notch plane (see horizontal yellow line in Fig. 4f), while the 
notch depth is measured from the top of the cantilever to the notch front.

3.2. Effect of notch and bridge geometry on crack arrest

The apparent fracture toughness (KIQ) is calculated from the load at 
the final fracture (point f, Fig. 4) under the assumption that bridge 
failure precedes final fracture and the shape of the notch before the final 
fracture is equivalent to a through-thickness notch using (Eqns. (1) and 
(2)) [3]: 

KIQ =
FCL

BW3 /2
fMatoy

( a
W

)
(1) 

fMatoy

( a
W

)
=1.46+24.36

( a
W

)
− 47.21

( a
W

)2
+75.18

( a
W

)3
(2) 

Here, FC is the maximum load at fracture, and L, B, W, and a repre
sent the geometry of the cantilever, as described in Fig. 1, and fMatoy is a 
geometry correction factor.

Fig. 2. Cross section of the cantilever fabrication steps on the SOI wafer. Step 1 summarizes the Electron beam lithography process used for metal (chromium) 
deposition on the surface of the silicon device layer. Steps 2 and 3 show the deep reactive etching and wet etching processes, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The calculated KIQ values for all tested cantilevers are plotted in 
Fig. 5 as a function of bridge notch geometry, precisely the bridge width 
and notch depth. Filled circles in the plot indicate samples that showed 
bridge failure, evident from both in situ SEM images and load- 
displacement curves (load drops). Open circles, on the other hand, 
represent samples that did not show a load drop before final fracture. 
The through-thickness notch assumption in Eqn. (1) is valid for filled 
circles, where crack arrest and bridge failure are observed. For open 
circles, where no crack arrest is observed, this assumption is erroneous, 
as it remains unclear if the final fracture originates at the bridges or 
directly at the FIB notch front. For simplicity, the plot in Fig. 5 is 
segmented into four regions (I, II, III, and IV) representing different 
ranges of bridge notch geometries, and representative postmortem SEM 
images of the notch geometries are placed at the borders of the data plot. 
In addition, a section of the map applicable to displacement-controlled 
experiments from Ref. [41] is plotted on the experimental data repre
sented as red lines marked 0.9, 1.0, and 1.1 to compare existing simu
lations and the present experiments.

A detailed look at the plot in Fig. 5 shows open circles in the lower- 
left corner, which means bridge failure and subsequent crack arrest are 
not observed before final failure in these cantilevers. In region I, where 
cantilevers have thin material bridges (1-b/B < 0.1) and shallow 
notches (a/W < 0.3), the average KIQ for samples is 1.01 ± 0.02 MPa 
m0.5, comparable to the fracture toughness of single crystalline silicon 
previously reported in the literature (0.7–1.3 MPa m0.5) [48].

Similarly, bridge failure is not observed in region II, where the 
cantilevers have comparable notch depth as region I (a/W < 0.3) but 
thicker bridges (1-b/B ≥ 0.1). In contrast to region I, the average KIQ 
increases in this region (see Table 1 for values). This apparent increase in 
fracture toughness with increasing bridge width could be attributed to 
the relocation of the point of highest stress intensity in the cantilevers as 
the bridges get thicker.

Deeper notches show distinct behaviours in different regions of the 
plot. In region III, where cantilevers have a/W ratios between 0.3 and 
0.4 and 1-b/B < 0.1, crack arrest is observed as indicated by filled cir
cles. The average KIQ for these cantilevers is 1.09 ± 0.02 MPa m0.5, 

Fig. 3. SEM image of (a) section of 20 × 20 mm chip where the cantilevers were prepared, (b) a magnified view of one row in (a), showing cantilevers on the row, 
and (c) one cantilever produced from combined lithography and DRIE process.

Fig. 4. (a) SEM image of the experiment’s test setup. (b) Load-displacement curve from in situ SEM micro fracture tests of a silicon cantilever with a bridge notch. (c) 
SEM image of the cantilever at the start of the test, (d) after the failure of the first bridge, (e) after crack extension from the first bridge and failure of the second 
bridge—red arrows point to failed bridges in both images. (f) Cross-section of the cantilever after final fracture showing the geometry of the two bridges (green 
arrows) and the yellow line indicating the notch width. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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aligning closely with the expected fracture toughness of single crystal
line silicon. In contrast, increasing the bridge width in region IV pre
vents crack arrest during experiments. This was accompanied by 
considerably higher toughness values – i.e., apparent toughening – (see 
Table 1), similar to the behaviour observed for shallow notches. Please 
note that the KIQ values in Table 1 represent the mean value and the 
standard error of the mean.

Lastly, the experimental data is compared to the predictions for 
failure of material bridges from FEM simulations [41]. 0.9, 1.0, and 1.1 
red lines in Fig. 5 denote the stress intensity ratio (fcorr) in micro canti
levers with bridge notches. fcorr is a bridge notch correction factor 
initially calculated for different bridge widths and notch depths by 
dividing the stress intensity factor at the notch front by the stress in
tensity at the top half of the bridge [41]. A ratio less than 1.0 signifies 
that the stress intensity at the bridges is higher than at the center of the 
notch, which would favour bridge failure and crack arrest. On the other 
hand, the stress intensity at the notch center is higher than at the bridges 
when the stress intensity ratio is greater than 1.0, so that catastrophic 
failure of the cantilever is expected before observing bridge failures or 
crack arrest. Our results show that crack arrest occurs well-below the 
predicted 1.0 line in geometries with thin material bridges and deep 
notches. Instead, the cantilevers that showed crack arrest in the exper
imental data had bridge-notch geometries that fell below the 0.9 line. 
Possible reasons for this discrepancy will be addressed in subsequent 
sections.

Our experimental observations can be summarized into three points: 

(1) Thin bridges and deep notches lead to crack arrest before the final 
fracture from the natural crack, yielding KIQ values that closely match 
the KIC of silicon. (2) Thin bridges with shallow notches, while not 
exhibiting crack arrest, still show KIQ values comparable to KIC. (3) Thick 
bridges, regardless of notch depth, do not exhibit crack arrest, and their 
KIQ values are significantly higher than KIC, indicating apparent tough
ening effects.

In the absence of crack arrest, the toughness values are designated 
KIQ which is geometry or system-dependent, particularly in the case of 
FIB-milled specimens, as the influence of bridge geometry on the 
observed results cannot be ignored. Later in the manuscript, further 
discussions will be made on the consequence of bridge width on fracture 
measurements of small samples.

4. Discussion

4.1. Possible origins of the discrepancy between experiments and 
simulations

In our experiment, crack arrest was only observed in a specific bridge 
notch geometry, i.e. for thin bridges and deep notches. All other bridge 
notch geometries did not show crack arrest during the tests. The absence 
of crack arrest is expected in bridge notch geometries with stress in
tensity ratios greater than 1.0 because the center of the FIB milled notch 
is the location of highest stress intensity [41]. However, some bridge 
notch geometries with stress intensity ratios less than 1.0 did not show 
crack arrest, specifically cantilevers with stress intensity ratios between 
0.9 and 1.0.

One probable reason for the absence of bridge failure in these bridge 
notch geometries is the deviation between the experimental and simu
lated sample geometries. The tapered material bridges in the experiment 
lead to less effective stress localization at the bridges, hence the absence 
of bridge failure. Imperfections in the bridge notch geometry from FIB 
milling, like redeposition or roundness of the inner corners of the ma
terial bridges, are also factors that distinguish experimental geometry 
from ideal geometry. These factors – the shape of the cantilever, the 
shape of the bridge, and roundness of inner corner of the bridge – which 
cannot be eliminated from FIB milled notches, contribute majorly to the 

Fig. 5. KIQ assuming through-thickness notch after bridge failures for samples with different bridge and notch geometries. Filled and unfilled circles represent 
observation and absence of crack arrest, respectively. Representative postmortem SEM images (scale bar is 1 μm) show the plot’s bridge notch geometries in different 
regions (I, II, III, and IV). The red lines are stress intensity ratio (fcorr) lines extracted from existing simulation maps [41]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Average fracture toughness and standard error of the mean measured from 
cantilevers with different notch depth and bridge width.

Region Notch 
depth (a/ 
W)

Bridge 
width (1-b/ 
B)

Mean KIQ 

(MPa m0.5)
Width of 
KIQ (Std. 
dev.)

Crack 
arrest

I <0.3 <0.1 1.01 ± 0.02 0.08 No
II ≥0.1 1.32 ± 0.04 0.14 No
III 0.3–0.4 <0.1 1.09 ± 0.02 0.10 Yes
IV ≥0.1 1.48 ± 0.04 0.16 No
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mismatch seen between the predictions of crack arrest in simulated and 
experimental geometries (Fig. 5).

Additionally, the tapered geometry introduces analysis uncertainties 
during postmortem SEM measurements of the bridge width. For instance, 
the bridge width can either be underestimated or overestimated 
depending on whether the measurement is taken from the top or bottom 
of the notch’s postmortem SEM image, which could shift the data up
wards or downwards when compared to the simulation reference. Bridge 
width measurements taken from the top of the notch cross section shifts 
the data to the bottom of Fig. 5, introducing further disparity between 
the predictions and the experiments (see Supplementary Fig. S1 for 
measurements from the top part of the bridge notch).

A final possible reason for the mismatch between both studies is the 
assumed intrinsic displacement-controlled loading conditions in the 
simulation, which deviate from the actual setup in commercially avail
able indenter systems. The indenter used in our study is a displacement- 
controlled device with a 78 kHz feedback rate and a maximum data 
acquisition rate of 39 kHz, which could mean that low magnitude of load 
drops may not be captured in the load-displacement plots. Shallow 
notches (region I, Fig. 5) are particularly affected by our indenter’s 
intrinsic mode of operation because, according to the simulations, the 
magnitude of the load drop is influenced by notch depth. Additionally, 
the compliance of the load cell may lead to a mixture of load and 
displacement-controlled behaviour of the system.

4.2. Consequence of bridge width on toughness measurements

To discuss the influence of bridge width on measured fracture 
toughness, we compare results obtained from cantilevers with thin and 
thick bridges at a fixed notch depth (a/W between 0.3 and 0.4) in a 
cumulative distribution plot (Fig. 6). KIC represents data from cantile
vers with thin bridge widths (1-b/B < 0.1), which showed crack arrest. 
For the cantilevers with thick bridges (1-b/B ≥ 0.1) where crack arrest 
was absent, KIQ is calculated assuming through-thickness notch 

assumptions. However, this assumption does not capture the geometry 
of a bridge-notched cantilever and, KIQ needs to be corrected by fcorr. 
Therefore, a new fracture toughness value, KIQ_corrected, is calculated by 
modifying from Eqn. (1) by fcorr (Eqn. (3)): 

KIQ corrected =
KIQ

fcorr
(3) 

The ability to correct the measured toughness for cases without 
bridge failure is analysed based on Fig. 6. While the values the fracture 
toughness in case of crack arrest is close to expected values for silicon, 
both, the uncorrected as well as corrected value for samples without 
crack arrest are far from literature values. Even more, fcorr is seen to shift 
KIQ to higher toughness values, signifying that the correction factor 
cannot be applied to samples without observable crack arrest. Therefore, 
the observation of crack arrest is crucial to the success of bridge-notched 
micro cantilever fracture experiments. We recommend using material 
bridges thinner than 0.1 and notch depths between 0.3 and 0.4 to 
facilitate bridge failure and crack arrest in bridge-notched single canti
levers. This would correspond to 100 nm wide bridges on each side of 
the top surface of a 2-μm thick cantilever. Bridge failure can only be 
confirmed when it is indicated by load drops and observed in an in situ 
experimental setup. After both conditions are satisfied, through- 
thickness notch assumptions can be applied to extract valid fracture 
data from bridge-notched single cantilevers.

4.3. Fracture toughness of bridge-notched silicon cantilevers

The small plastic zone size of silicon makes it possible to obtain 
geometry-independent fracture toughness values from micro fracture 
experiments [33,44,50,51]. In silicon, the (111) plane, being the lowest 
resistant fracture plane [52], has reported fracture toughness between 
0.65 and 1.0 MPa m0.5 based on different measurement methods 
[53–56] at the bulk scale. Tanaka et al. [52] reported fracture toughness 
of 0.69 MPa m0.5 from indentation tests, while 1.1 ± 0.02 MPa m0.5 was 

Fig. 6. Cumulative distribution of fracture toughness in silicon cantilevers with thin bridge widths where crack arrest occurred (KIC) and thick bridge widths without 
crack arrest (KIQ and KIQ_corrected) for cantilevers without crack arrest. Fracture toughness values of Si (111) measured from other micron scale studies are shown as 
vertical dashed lines in the plot [4,37,49]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reported from single cantilever-based studies by pentagonal beams [4] 
and triangular beams [37]. DelRio et al. [49] recently measured fracture 
toughness between 0.7 and 0.9 MPa m0.5 for Si (111) in stable crack 
growth experiments using a double cantilever beam geometry. These 
literature values indicate a scatter in the fracture toughness of Si (111) 
measured using different geometries. In the bridge-notched cantilevers, 
the fracture toughness, KIC, of Si (111) measured using thin bridges and 
deep notches is 1.1 ± 0.1 MPa m0.5, which is within the reported range 
of for single crystalline silicon in both small and bulk scale studies. 
Additionally, our results align well with the theoretical predictions from 
an atomic-scale simple closed-form formula, where KIC of Si (111) was 
calculated to be between 0.9 and 1.2 MPa m0.5 [57,58], supporting the 
presence of an atomically sharp crack front after the failure of material 
bridges. These findings suggest that the bridge notch geometry could be 
used to obtain true material properties, provided that crack arrest pre
cedes final failure.

5. Conclusion

This study systematically showed the region where bridge failure is 
expected in single crystalline silicon using in situ displacement- 
controlled cantilever bending experiments. The summary of the find
ings is as follows: 

• Cantilevers with thin material bridges (1–b/B < 0.1) and deep 
notches (a/W > 0.3) showed crack arrest during in situ testing before 
final fracture. In these notches, the fracture toughness (KIC) of 1.0 ±
0.2 MPa m0.5 and 1.1 ± 0.1 MPa m0.5 were calculated from the 
bridge and through-thickness notch, respectively.

• Crack arrest is absent in all cantilevers with shallow notches, a/W < 
0.3, irrespective of bridge width. Also, cantilevers with thick bridges 
(1–b/B > 0.1) did not show crack arrest at all notch depths; apparent 
toughening effects were observed.

• A slight mismatch exists between the predicted bridge notch geom
etry for crack arrest and the experimental geometry. This disparity 
could be attributed to the experimental geometry’s deviations from 
the ideal geometry and contributions from the commercial loading 
setup.

• Bridge notch correction factor, fcorr, is not sufficient to address the 
apparent toughening observed in notches with thick bridges. Hence, 
realistic fracture toughness values, KIC, can only be obtained when 
crack arrest precedes final fracture in experiments with bridge 
notches.

• Thin bridges and deep notches are crucial for successful bridge- 
notched micro cantilever experiments, which results in fracture 
toughness values that are similar to theoretical predictions made on 
atomic-scale parameters.
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A novel approach for determining fracture toughness of hard coatings on the 
micrometer scale, Scr. Mater. 67 (2012) 708–711, https://doi.org/10.1016/j. 
scriptamat.2012.06.034.
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