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Fail-safe design of devices requires robust integrity assessment procedures
which are still absent for 2D materials, hence affecting transfer to applications.
Here, a combined on-chip tension and cracking method, and associated data
reduction scheme have been developed to determine the fracture toughness
and strength of monolayer-monodomain-freestanding graphene. Myriads of
specimens are generated providing statistical data. The crack arrest tests
provide a definitive fracture toughness of 4.4 MPa./m. Tension on-chip pro-
vides Young's modulus of 950 GPa, fracture strain of 11%, and tensile strength
up to 110 GPa, reaching a record of stored elastic energy ~6 G] m™ as confirmed
by thermodynamics and quantized fracture mechanics. A -~ 1.4 nm crack size is
often found responsible for graphene failure, connected to 5-7 pair defects.
Micron-sized graphene membranes and smaller can be produced defect-free,
and design rules can be based on 110 GPa strength. For larger areas, a fail-safe

design should be based on a maximum 57 GPa strength.

2D materials such as graphene have received attention in the context
of a variety of potential applications driven by their exceptional
properties’.  Generally, 2D materials have a combined
functional-structural role. However, the establishment of robust pro-
cedures that guarantee fail-safe designs for long-term reliable opera-
tion is essentially missing in the world of 2D materials. There is no
doubt that the extreme strength (>100 GPa) and excellent ductility
(>20%) predicted theoretically>* and verified experimentally>® on
nanoscale specimens is a major asset. Nevertheless, literature studies
are essentially limited to extremely small specimens, with limited sta-
tistical significance in terms of defect distribution and the number of
test samples. In real applications involving wide 2D materials with a
single or few layers, the failure resistance is dictated more by the
population of defects than by the intrinsic strength and ductility. The
literature mainly focuses on the fundamental mechanisms controlling
the strength variations when contrasting defective and perfect lattice

structures”™. The context is exactly similar to brittle-type materials
with covalent or ionic bonds, such as for silicon with a theoretical
strength of >25 GPa and fracture strain >20%" that, at the macroscopic
wafer level, drops down to -300MPa and -0.2%, respectively™.
Reconciliation between theoretical and in-use values comes through
fracture mechanics theory assuming a population of crack-type
defects and Weibull analysis”. However, this approach requires gen-
erating reliable fracture toughness data with statistical value and the
determination of the nature of the defects. This leads to major chal-
lenges in the context of 2D materials such as graphene.

Several approaches have been proposed to determine the
mechanical properties of 2D materials. Deflection of suspended gra-
phene membranes has generally been performed using an atomic
force microscope tip®, which, when applied to chemical vapor
deposition (CVD)-graphene indicated a strength reduction by 40% due
to grain boundaries’. The strength decreases with decreasing grain
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boundary disorientation up to ~59%'°. Burst testing" leads to a wide
distribution of failure pressure, attributed to defects, slacks, and/or
wrinkles in graphene. Nonetheless, applying uniaxial tension condi-
tions on large-area crack-free graphene remains the most direct way
for extracting representative strength data. Recently, in-situ push-to-
pull tensile testing” performed on CVD-grown single-layer graphene
(SLG) delivered a tensile strength of ~60 GPa with a maximum fracture
strain of ~6% for ~10 um? membrane. None of these methods provides
fracture toughness values.

Determination of the mode I fracture toughness K. requires going
a step further with the introduction of a sharp pre-crack and a method
to estimate exactly when cracking initiates. The first calculation of the
fracture toughness of graphene dates back to 2004 by Pugno and
Ruoff*® reporting a value K,.=3.2 or 3.45MPa/m for zigzag or arm-
chair crack, respectively. Zhang et al. ' pioneered in situ scanning
electron microscope (SEM) fracture experiments on notched CVD-
graphene. The specimens were mostly bilayer graphene (BLG) with a
mean K. =4+ 0.6 MPa/m. In another study, K. of a 10-layer graphene
is equal to 12 +3.9 MPa/m, much higher than for SLG*. Cao et al.*
followed a similar approach using push-to-pull tensile testing to study
the fracture behavior of pristine BLG*, with K,.=29.5 MPa/m. This is
considerably larger than the previously reported values, and attributed
to the nonlinearity of graphene?. The fracture of SLG was also studied
by bulge testing®, giving K,.=10.7 +3.3 MPa./m, disclosing also the
environmental cracking susceptibility of CVD-graphene. Computa-
tional studies predict K,.=3-4 MPay/m by molecular dynamics
simulations’ and K,.=3.1 - 4.5 MPay/m by molecular mechanics
simulations®. The cracking process has been qualitatively investigated
by transmission electron microscopy (TEM)** revealing tearing
directions mostly dictated by either the zigzag or armchair directions
and with limited anisotropy. All the aforementioned experimental
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methods are affected by the problem of introducing a sharp pre-crack,
by focused ion beam damage, and by the difficulty of generating sta-
tistical data, hence not delivering foundations for a true fail-safe design.

The objective of this study is to unravel the fracture resistance of
SLG by combining an original crack-on-chip (COC) and a uniaxial
tension-on-chip (TOC), namely (TOCOC) experimental approach to
deliver definitive statistically representative data, from which a
mechanical analysis can pave the way toward fail-safe design of 2D
materials-based components/devices. In an effort to overcome the
shortcomings encountered in the available approaches, several chal-
lenges have been addressed in this study: (i) the specimens were tested
on-chip to circumvent the gripping, clamping, and transfer problems;
(ii) the specimen shape was accurately controlled through lithography
methods controlled and the geometrical dimensions can be measured
with precision; (iii) an on-chip loading relying on a residual stress
actuation principle was adapted to avoid the use of any external
macroscopic or microscopic device as well as the associated alignment
issues; (iv) many samples were produced and tested simultaneously
for statistical analysis; (v) different sample sizes and shapes were
produced to verify if the size dependence of the fracture resistance
related to the defects population can be rationalized; (vi) the crack
arrest principle adopted to circumvent the artifact of a blunted starter
notch instead of a true pre-crack in the fracture mechanics sense
required an adapted design.

On-chip mechanical testing

The working principle of the on-chip testing method is to deform a
graphene specimen by attaching it to a beam, which, when released
from the substrate, contracts as a result of relaxation of internal tensile
stress, thus imposing a displacement to the specimen. A schematic
representation of both TOC and COC samples is shown in Fig. 1. In the
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Fig. 1| Schematic of the on-chip mechanical testing set-up applied to single-
layer graphene (SLG). Both tensile-on-chip (TOC) and crack-on-chip (COC) con-
figurations were combined to determine the critical flaw size that controls the
failure of graphene membranes. The stress-strain response is given by TOC
structures based on the displacement measured between movable and fixed cur-
sors. The fracture toughness is determined using COC structures based on the
measurement of the crack arrest length a,,..,. using a finite element model (FEM).
The shaded blue sample represents SLG samples with defects, a. is the defect size

that leads to fracture. The critical flaw size leading to failure a. can be estimated
once the strength and fracture toughness are known from TOC and COC, respec-
tively. The black arrows show that to determine ac, we need to use both data
coming from TOC and COC. £, is the actuator Young’s modulus, S, is the actuator
area, S is the specimen area, u is the applied displacement, L, is the actuator length,
L, is the specimen length, €7 is the actuator mismatch, o, is the strength of the
studied material, a. is the critical flaw size, o/ is the residual stress of the actuator
prior to release and K| is the fracture toughness.
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case of the TOC configuration, the imposed displacement is generally
applied to a dogbone specimen, while in the case of the COC config-
uration, the displacement is applied to a notched specimen to gen-
erate a crack from the tip of the notch. The working principle of the
combination of the COC and TOC configurations into the new TOCOC
test chain to determine the representative flaw size responsible for
failure is illustrated in Fig. 1.

TOC principles have been applied to numerous thin-film systems,
but never successfully adapted to 2D materials until now*****, The
specimen is deformed owing to the contraction of the attached
actuator beam reaching a stable position corresponding to force
equilibrium. The displacement is measured by SEM between movable
and fixed cursors, as shown in Fig. 1. The internal elastic strain, also
named mismatch strain in the actuator beam, is measured using
dedicated structures®*. The latter measurements, combined with a
simple mechanical analysis®, provide the stress-strain response (see
Fig. 1 and Supplementary Note I) from which one can extract Young’s
modulus, strength, fracture strain, and strain hardening/softening
behavior ~ while  being amenable to  creep/relaxation
measurements®>***. Each deformed specimen represents a single
point on the stress-strain diagram. Thus, several TOC structures must
be fabricated with different specimen and actuator beam lengths in
order to vary the applied stress level covering the range from small
elastic deformations up to fracture.

Recently, the COC concept has extended the potential of the on-
chip approach, as inspired by Hatty et al.’s work®, to extract the
fracture toughness™*°. The core idea is that two actuator beams pull
on a notched specimen. A crack initiates from the notch and then
arrests (see Fig. 1). The fracture toughness is extracted from the final
crack arrest length a5, solving the problem of producing extremely
sharp pre-cracks and associated artifacts, such as notch blunting effect
at crack initiation. Benefiting from the lithography process to induce
the pre-crack avoids the damage produced when using a focused ion
beam. Finite element (FE) simulations, described in Supplementary
Note II, are performed to determine K,. Now, approximate analytical
expressions have been derived as well to elucidate the effect of the
different geometrical parameters and to guide the design of the test
structures®*°, The magnitude of K, can be roughly estimated in most
cases by the following expression (see Supplementary Note Ill for more

details):
. 4,/
K== oLy 2, M
G+ G

=s —a
aWw,

e

a

where v, is the Poisson ratio of the actuator, v is the Poisson ratio of
the test specimen (here graphene), a, =1 — +2 in plane strain and a, =1
in plane stress, o' is the residual stress in the actuator prior release, L,
is the actuator length, L, is the specimen length, E, is Young’s modulus
of the actuator, E is Young’s modulus of the specimen, ¢, is the
actuator thickness, ¢ is the specimen thickness, and W, is the actuator
width. The fracture toughness K,. can be estimated from Eq. (1) by
using for the crack length a the final crack arrest length a,,.. But,
once again, FE simulations have been systematically performed to
extract more accurate values for the stress intensity factor.

Equation (1) indicates that the magnitude of the stress intensity
factor K is proportional to the residual stress in the actuator prior to
release and to its length L, with a complex dependence on the crack
length and on several other geometrical quantities. The parameters
required to perform the FE simulations were determined experimen-
tally, as given in Supplementary Table 1, with related uncertainties.

Here, we report the combined use of TOC and COC, TOCOC
method, for the robust testing of 2D materials with dimensions
representative of real applications, as demonstrated for monolayer
CVD-graphene. In the TOCOC method, the strength of graphene o,

obtained from TOC structures is linked to the fracture toughness K
determined by COC structures based on a_ = %’;—’2 which provides the
critical defect size a, responsible for triggering the failure of graphene-
based devices, as schematically explained in Fig. 1. These structures are
fabricated following the steps schematically illustrated in Supple-
mentary Fig. 1 and explained in the “Methods” section. High-quality
monolayer CVD-graphene is investigated (see the “Methods” section

and Supplementary Fig. 2).

Results and discussion

Fracture toughness of monolayer CVD-graphene

Figure 2 shows a set of successful COC structures with the crack
arrested at some distance from the notch for asymmetric (shown in the
panel of Fig. 2a, b) and symmetric (Fig. 2d, e) configurations. Out-of-
plane deflection is limited, as highlighted in the zoom of Fig. 2c. In
successful test structures, the crack follows a straight path. Now, many
test structures turned out to be unsuccessful for several reasons
described in Supplementary Note IV. Several dies were released,
leading to 80 successful COC structures (58 asymmetric and
22 symmettric).

Figure 3a compares the cumulative probability distribution of K.
for symmetric or asymmetric configurations. A majority of K, values
from both configurations are in the same range. Each structure delivers
a K. with a given uncertainty. An error propagation analysis was
conducted as detailed in Supplementary Note V. The uncertainty on
K, is ~17%, coming essentially from the uncertainty on the graphene
Young's modulus. The FE simulations and the uncertainty study did
not take into account graphene’s anisotropic elastic behavior. As a
matter of fact, the elastic modulus when determined for different in-
plane loading directions using the elastic constants C;; of 358 N/m and
Cy2 of 60 N/m (from ref. 41), involves <5% variation between maximum
and minimum stiffness, which is within experimental uncertainty.
Considering both geometries leads to a mean fracture toughness value
of 4.4 +0.1MPa/m, close to the 4.0 + 0.6 MPa,/m found for BLG by
Zhang et al.”’, but smaller compared to multilayer graphene (MLG)
data’®?. The standard error of 0.1MPay/m is <17% since many speci-
mens were analyzed. The theoretical mode | fracture toughness
derived from analytical calculation® is 3.21-3.45MPa,/m, and from
numerical (first principle) calculations’ is 3.9 + 0.4 MPa,/m, reasonably
close to our results as well.

Figure 3b compares the different experimental values reported in
the literature. Note that the maximum number of tests in the literature
is seven tests by Hwangbo et al.**, much smaller than the present
80 successful tests. The reported high K. values in the literature can
be attributed to several factors. First, a multilayer can lead to tough-
ening mechanisms due to the difference in the grain orientation in
each layer and stacking order. Sliding at interfaces can also involve
energy dissipation. Second, the initial crack is usually a notch and not a
true precrack (-1nm) in the sense of fracture mechanics, this is
expected to nearly double the fracture toughness*. Third, the crack
driving force can be reduced through crack branching®**. The main
reason behind the difference between the K. from asymmetric or
symmetric structures is attributed to the out-of-plane displacement, as
confirmed by recent FE simulations performed by Shafikov et al.”. In
addition, graphene easily buckles/crumples due to its small bending
modulus and its high in-plane stiffness as demonstrated by Euler’s
buckling theory**. This twisting becomes more dominant as the length
increases, thus explaining the failure of most symmetric structures as
will be discussed later.

Figure 3c summarizes all the reported fracture experiments on
graphene as a function of the number of graphene layers and the area
of the test specimen. The graphene membrane areas tested here are
around 400 and ~-800 um? for the asymmetric or symmetric designs,
respectively, while the specimens tested in the literature do not exceed
a few um?

Nature Communications | (2024)15:5863
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Fig. 2 | Successful monolayer CVD-graphene COC structures. a General view of
an asymmetric structure in which a crack is initiated and propagated in a brittle
way. b Closer view of an asymmetric structure shows a large crack tip opening
displacement and the crack arrested after propagating over a significant distance.
¢ Another asymmetric COC where the out-of-plane displacement is more evident,
with a zoomed view (on the left side) showing the border between the notch and

the crack. Strictly speaking, on the upper side of the notch, one can observe a kind
of step marking the border between the notch and the initiated crack. d A general
view of a successful symmetric configuration. e A zoomed view of the crack in a
symmetric configuration where the crack opening is narrower on the left side
compared with the right one- both crack lengths are close, and the cracking
direction is similar. Red scale bar, 10 um and white scale bar 2 ym.

A final point that deserves extra attention is how to explain the
variations of K. from one specimen to another within the same test
configuration. First, some values at the limit of the distribution are
presumably associated with specimens exhibiting wrinkles near the
notch tip, which are known to accelerate failure”, although, in other
studies, wrinkles are considered as offering an extra resistance to crack
propagation®. In any case, wrinkles artificially modify the extracted
value of the fracture toughness, an effect not accounted for in our
uncertainty analysis. Although the transfer was performed in such a
way as to avoid producing wrinkles in graphene, the removal of the
underneath layer can also introduce wrinkles in graphene**¢. A wrin-
kled freestanding graphene tends to self-fold under deformation. This
is indeed what has been observed for the widest specimens, as a way to

release the in-plane strain energy. In this work, the presence of wrin-
kles near the crack tip is unlikely, especially in all the 80 measured
specimens (see Supplementary Note VI for more details). For asym-
metric design, creases have been sometimes observed and can be
partially responsible for the (artificial) fracture toughness variation.
Another possible artifact could be due to PMMA residues on graphene.
Now, the bonding strength between PMMA residues and graphene is
weak besides the fact that the K. of PMMA residues is low -1 MPa/m**.
Hence, PMMA residue islands can potentially affect the cracking rate
and path but not the fracture toughness. Here, the cracking path was,
in most cases, similar from one specimen to another excluding thus
any significant impact of residues on K. Finally, a grain size effect on
K. is expected when the grain size is extremely small, for instance,

Nature Communications | (2024)15:5863
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Fig. 3 | Fracture toughness of graphene, from on-chip testing and literature.
a Fracture toughness distribution as a function of cumulative probability for
symmetric structures only (in blue), for asymmetric structures only (in red), and
both structures combined in black color. b Histograms comparing all performed
experiments using graphene and the number of tests involved to determine the
corresponding fracture toughness. (In addition, the nature of graphene is indicated
on top of each bar. MLG is for multilayer graphene, BLG is for bilayer graphene, and

SLG refers to single-layer graphene. The color code is shown in the upper right
frame). ¢ Comparison between the K. measured in this study, and the reported
experimental values as a function of graphene layers and specimen area—the
principle of each experimental technique is illustrated by a picture. The error bar in
this work is too small, which is difficult to illustrate. The error bars refer to the
standard deviation. “Source data are provided as a Source Data file”.

around 250 A°. However, here, the interaction of the crack tip with
domain/grain boundaries can also be excluded since the graphene
domains in which specimens have been patterned have a size of
around 3cm (see Supplementary Fig. 3). The dispersion is thus
essentially attributed to the uncertainty on the measurement of the
crack length as well as on minor warping-out-of-plane effects. In con-
clusion, the value K. = 4.4 + 0.1 MPa./m can be safely considered as the
definitive fracture toughness for monocrystalline single-layer
graphene.

Strength and fracture strain of monolayer CVD-graphene

Both standard TOC dogbone (Fig. 4a) and TOC rectangular specimens
(Fig. 4b) were tested (more details in the “Methods” section). The
motivation behind using rectangular graphene specimens was to
reduce the tendency for graphene to crumpling/tubing, as often
observed in this study for the dogbone geometry. Indeed, the wider
sections combined with the constraints at the clamping extremities
strongly reduce the propensity for topological changes under defor-
mation. However, the regions near the clamped regions of the rec-
tangular sample are not undergoing perfect uniaxial tension and
constitute stress concentrators. Many successful TOC structures, i.e.

222 specimens, were produced with single-layer graphene, which,
per se, is an experimental accomplishment.

Figure 5a, b shows the true stress-true strain curve for single-layer
graphene specimens showing no twisting, warping or crumpling, or
any other observable defects. In general, narrower specimens exhibit
more twisting. Therefore, the data from the widest dogbone speci-
mens are always close to perfect homogenous uniaxial tension. Fur-
thermore, the widest specimens offer the largest resistance to the
actuator beam, leading to a smaller uncertainty on the stress
determination®. The results shown in Fig. 5 were obtained without
considering any pre-tensile stress in the graphene. By considering pre-
tensile stress levels of 0.05-0.6 Nm™ ¢**5 the fracture strain and
stress could change by about 1%, justifying the assumption of
neglecting the graphene’s pre-strain. Both configurations, as detailed
in the “Methods” section, lead to Young’s modulus of ~950 GPa, close
to the expected value (1 TPa).

The discrepancy in the TOC results can be related to the presence
of wrinkles. As mentioned earlier, the quantification of the impact of
wrinkles on the extracted Young’s modulus is a challenging problem
that has been studied numerically. Shen et al.*” showed a negligible
impact of wrinkles on the stiffness of the monolayer graphene layer. In

Nature Communications | (2024)15:5863
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Fig. 4 | On-chip uniaxial tensile testing of graphene. a Series of ‘dogbone’ TOC
structures with different actuator lengths. The inset is a zoomed SEM micrograph
of a dogbone graphene specimen for the TOC test. b A series of ‘Rect’ TOC

structures with a variety of actuator lengths. The inset is a zoomed view of a
rectangular graphene specimen in the TOC configuration. The red scale bar refers
to 20 um and the white scale bar, is 10 um.

the worst-case scenario, high wrinkle density with high wavelength
involves an 11% reduction of Young's modulus along the armchair
direction. About 4% reduction along a zigzag direction is in the range
of the measurement error on the Young’s modulus determined in this
study. This value could be even lower since the wrinkle density in the
present work is low. On the other hand, Qin et al.*® reveal higher
strength in the case of wrinkled graphene specimens compared with
flat ones, which was used as an argument to strengthen some metal
matrix composites™. Consequently, the extracted Young’s modulus
will not change drastically in the presence of a small wrinkle’s ampli-
tude. Another point worth mentioning is that the results obtained here
are all consistent with one another, and when a test is repeated, even
though corrugations are not uniformly distributed. This consolidates
the trust in the validity of the results (more details are provided in
Supplementary Note VI). Note finally that the main interest of the TOC
structures was not to look at the elastic behavior but mainly to
determine the fracture strain and corresponding fracture stress on a
large set of specimens.

Figure 5a shows a maximum surviving strain of 0.045 with dog-
bone specimens, and 0.115 with rectangular ones (see Fig. 5b). This is
the highest uniform deformation reached without failure in this study
and, we believe, ever reported in the literature for truly uniaxial ten-
sion conditions. The maximum reported fracture strain’ we found in
the literature is -5.8% for a -12 um? specimen area, which is half of the
maximum value obtained here, and for a significantly larger specimen
with a surface area equal to ~160 um?. The product of 1/2 x fracture
stress x fracture strain=1/2 x110 GPa x 0.115 = 6.3 G) m™ might be the
largest density of mechanical energy ever stored in a freestanding
material. The TOC working principle is such that the precision on the
strain is much larger than on stress®, as explained in Supplementary
Note VII. Hence, the focus hereafter will be on the fracture strain, while
the corresponding strength can be estimated by assuming linear
elasticity and a 950 GPa Young’s modulus.

Figure 5c is a plot of the deformation applied to all the test spe-
cimens as a function of the specimen length with a different symbol,
whether the specimen is broken or not. Supplementary Fig. 4 shows

Nature Communications | (2024)15:5863
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measured one. The strain corresponding to a broken specimen is the maximum
strain applied to this specimen, known based on Eq. (S9). d Failure probability
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Niroken/ Niroken t Nenbroken), Where Ni .. is the number of broken specimens
undergoing a strain &, while N, o1, corresponds to unbroken specimens under
strain €. The solid line linking the data points is the fitted Weibull function, using Eq.

(3). “Source data are provided as a Source Data file”.

Table 1 | Parameters of the Weibull distribution

Lg [pm] 20 40 50 100 200 400
W [um] 8.0 8.0 0.7 1.5 25 4.0 80 07 15 25 8.0 0.7 1.5 25 8.0 25
Weibull modulus, m 27 27 9 9 10 10 6 8 19 8 10 8 10 13 8 12
& 0.06 0.040 0.038 0.070 0.085 0.075 0.01 0.01 0.015 0.015 0.005 0.005 0.01 0.01 0.01 0.01
Correlation coefficient, R* [%] 83 100 99.9 100 75 93 973 100 100 995 79 96.6 100 100 100 100

L, is the specimen length and &5 is the characteristic strain.

the same data but as a function of the sample area. The determination
of the failure probability of graphene TOC specimens is explained in
the “Methods” section. Figure 5d plots the failure probability as a
function of applied strain (taken as a mean value over a small interval)
for different specimen lengths and widths for both rectangular and
dogbone geometries, see the earlier application on aluminum films®.
The solid lines in Fig. 5d represent the Weibull functions, with the
parameters given in Table 1. The rectangular specimens are char-
acterized by a high value of Weibull modulus m =27, while the dog-
bone specimens exhibit a lower value of m, as detailed in Table 1. Lower
m are obtained for larger specimens indicating that another popula-
tion of defects/imperfections is playing a role typically due to the
twisting of the specimens. Hence, one can hardly rationalize these data
into one single master plot*.

Pugno and Ruoff* already applied Weibull statistics at the
nanoscale to carbon nanotubes, noting that point defects more than

length or area/volume defects were predominant, as similarly
observed here and in contrast to classical (volume-based) Weibull's
statistics. In the work of Cui et al.**, a value of m=13.9 was determined
experimentally under static loading, and lower values of m equal to 6.4
and 4.3 were determined under cyclic loading of 10° and 107 cycles
respectively, while Shekhawat et al.” performed MD simulations that
led to m=10.7. Our values for dogbone specimens are close to the
latter reported m values. The variation of m, particularly between the
dogbone and rectangular graphene samples, is mainly attributed to
the size and geometry differences and not to the material property
since m is the same for a given material. For instance, wider samples
tend to remain more in-plane compared with the longer and narrower
samples that likely folded acting like nanotubes more than a flat sheet.
In another vein, the variation of Weibull moduli in this work reflects the
sensitivity of CVD-monolayer graphene to the presence of defects such
as creases that can deteriorate under cyclic loading, as confirmed by
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Fig. 6 | Schematic representation of how the fracture strain and strength vary
as a function of the population of defects and specimen size. Extremely small
specimens can sometimes be immune to any internal flaw and reach up to 11%
fracture strain. Nevertheless, in general, intrinsic flaws are unavoidable for large

micro-size specimens (and larger), and the fracture strain reaches the value of 6%.
Lower fracture strain can be found if another population of flaws is generated or in
the case of additional stress concentrators.

Cui et al.>*. One more note, the high value of m indicates a high quality
of graphene, especially for rectangular samples.

In the cleanest tensile tests performed in this work with limited
“macroscopic” stress concentration and twisting, i.e. with the short
L,=20 pm dogbone specimens, no specimen failed below 6%. The
corresponding strength is equal to 57 GPa (using £ =950 GPa). Based
on the fracture mechanics equation K. =o.,/ma. with o, the overall
fracture stress and K ;. = 4.4 + 0.1 MPa/m, one can estimate the typical
flaw size according to fracture mechanics, i.e. a. ~1.90 nm. Fracture
mechanics cannot predict ideal strength and cannot treat small-scale
as well as not perfectly sharp defects, for this reason, quantized frac-
ture mechanics (QFM) was introduced in Pugno and Ruoff®, According
to QFM, the prediction of the crack size is not a. but instead is
a’ =a.~b/2 where b is the fracture quantum (for graphene it is con-
sidered to be nearly the distance between adjacent atoms, namely
b=0.25nm, but expected to increase with the size-scale itself). For
CVD graphene assuming a process temperature of 1000 or 1500K, a
thermodynamic® (lower bound) vacancy fraction of 5.66 x107 or
3.18 x 10~ was estimated, respectively, thus resulting in the specimens
tested here (1000 pm? involves ~10'° atoms) in potentially defect-free
structures. Assuming this scenario (a.’=0) for the 110 GPa specimens
results in b=~1.0 nm (considering the measured fracture toughness),
and, accordingly, a.’~ 1.4 nm for the -57 GPa strength.

The fracture strain determined from modeling in the case of
armchair edge'®'>*® (-13%) is also not far from the largest experimental
fracture strain from TOC specimens (-11.5%). However, the lack of
studies investigating the edge effect on mechanical properties of
monolayer graphene does not alter the fact that the obtained results in
the case of graphene nanoribbons could be valid for graphene too. The
effect of free edge warping in graphene nanoribbons was investigated
numerically, revealing a decrease of Young’s modulus®” hence smaller
strength, which can be valid for SLG. Thus, if the edge effect was taken
into account during simulation, it probably resulted in a smaller
Young’'s modulus, hence a smaller strength value. On a different note,
the fact that larger specimens with much lower fracture strain are
sometimes detected is not necessarily due to a wide distribution of
flaw sizes, otherwise, also smaller specimens would fail sometimes at a

strain below 6%, but to other extrinsic effects associated with experi-
mental artifacts (specimen preparation, twisting/warping, etc.).

Accordingly, the key question that arises from these results is the
origin and nature of these 1.4 nm-long defects. The most likely origin is
the pentagon-heptagon pair defects. Their length, based on the work
of Terdalkar et al.” is equal to 1.7-1.9 nm. Seemingly, the presence of
these 5-7 defects as well as Stone-Thrower-Wales have been
demonstrated to reduce drastically the strength and the fracture
strain®®, Under stress, a 5-7 defect leads to an elliptical cavity with a
size between 1.5 and 2 nm close to the 1.4 nm defect derived in our
analysis, which could act as a starter crack, as anticipated from fracture
mechanics analysis.

Figure 6 shows the huge impact of 1.4 nm defects on the strength
and fracture strain, especially when the specimen size increases, indi-
cating that it is “almost impossible to fully get rid of these defects”, as
originally discussed in'®, except for extremely small (sub-micron)
pristine specimens.

The strength is sensitive to specimen size, defects, as well as grain
size. The Weibull analysis, as performed here, is the conventional
approach used in the macroscopic world to design fail-safe structures
and devices, which must also be used for the fail-safe design of
graphene-based elements.

In summary, the mechanical properties of freestanding CVD-
monolayer graphene were investigated using a new tension and crack
on-chip (TOCOC) combination. The method relies on the use of tensile
residual stress in an actuator beam that, once released, pulls on a
notched graphene specimen to extract the fracture toughness or on a
uniform tensile specimen to determine the uniaxial stress-strain
response. The value K;.=4.4+0.1 MPa,/m is established as the defi-
nitive fracture toughness of single-layer graphene based on 80 suc-
cessful experimental specimens. This fracture toughness value is
higher than any hard thin layer in the sub-100 nm range, although still
very low when compared with bulk tough steels or high entropy alloys
with values above 250 MPa/m because energy dissipation at the crack
tip is limited by the thickness. The largest experimentally measured
strain ever of 11.5% was determined over a large specimen area
160um?. Furthermore, Young's modulus of 0.95TPa and the
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maximum strength of 110 GPa were found, close to the theoretical
value and corresponding to defect-free graphene, as also confirmed by
thermodynamics and quantized fracture mechanics. The mean
strength is smaller than the theoretical value, being often controlled by
the presence of 1.4 nm defects associated with 5-7 pairs. Such defects
are most probably unavoidable with upscaled processing methods and
will always lead to a maximum design strain of 5-6%, corresponding to
a fracture stress of 50-60 GPa. This value should be considered as the
best strength to be used for the design of graphene-based structures,
except if less ideal processing leads to an additional population of
larger defects, which would then result in lower strength. This simple
and robust approach can be applied to other 2D materials for
answering several open scientific questions related to mechanical
behavior in current literature.

Methods

Fabrication process of COC and TOC

Some of the fabrication steps followed for designing graphene-based
on-chip test structures differ from earlier studies on thicker films"**,
First, alignment marks are patterned, see Supplementary Fig. 11I-1II,
followed by the deposition of a thin gold layer as shown in Supple-
mentary Fig. 1IV. After lift-off, the CVD-graphene is transferred onto
the Si substrate (Supplementary Fig. 1V). The synthesis of graphene
and transfer techniques are explained in the next subsections. Positive
lithography (Supplementary Fig. 1VII) is performed to pattern the
graphene specimen. PMMA is coated before depositing a positive
photoresist to protect graphene (Supplementary Fig. 1VI). The
unprotected parts of graphene after development are etched using
oxygen plasma, and the remaining resist is removed by warm acetone
(Supplementary Fig. 1VIII). The second lithography is carried out to
pattern the actuator layer (Supplementary Fig. 11X, X). This is followed
by electron beam deposition of a nickel layer (Supplementary Fig. 1XI),
which contains high tensile internal stress of around 600 MPa.

A 5-nm-thick Cr layer was deposited before the Ni layer to enhance
the adhesion between graphene and Ni as well as between Si and Ni.
The lift-off is done using hot acetone for a long duration to get rid of
the resist residues (Supplementary Fig. 1XII). For TOC, one actuator
beam is used, as shown in Supplementary Fig. 1XVI, while for COC, two
actuator beams are designed as displayed in dark blue color in Sup-
plementary Fig. 1XIV, XV, for asymmetric and symmetric configura-
tions, respectively. By etching the Si substrate surface using XeF,
(Supplementary Fig. 1XIII), the actuator beam is released from the
substrate, and contracts, acting as a spring to impose a displacement
on the test specimen. For the TOC method, the displacement is mea-
sured between two cursors, as highlighted in the inset of Supple-
mentary Fig. 1XVI. While, for the COC, the measured parameter after
release is the crack arrest length (Supplementary Fig. 1XV).

Graphene growth

Graphene is synthesized on copper foil (50 pm-thick, oxygen-free high
conductivity, 99% purity, advent research materials) in a low-pressure
chemical vapor deposition (LPCVD) system. The reactor is a horizontal
hot-wall quartz tube. The gas inlet is monitored by 3 mass flow con-
trollers connected to a pure Ar (Praxair, Research Grade, 99.9999%), an
Hy/Ar (10%), and a CH4/Ar (2000 ppm) gas bottle. The copper foil has
been rinsed with diluted HCI and deionized water to eliminate possible
surface contamination before being loaded into the CVD tube. The
CVD tube is heated up from 22 to 1050 °C for 60 min, and the copper
foil is annealed in pure Ar at a pressure of 800 mbar for 60 min. After
the annealing, 20 sccm H,/Ar is injected into the tube to remove the
copper oxide on the surface of the copper foil at a pressure of
220 mbar for 10 min. 32 sccm of CH4/Ar and 320 sccm of H,/Ar are
injected into the tube to start the growth of graphene at a pressure of
180 mbar. The CH4/Ar and H,/Ar ratios have been maintained during
the cooling down of the tube. The separated graphene domain has

been generated during the growth time of 90 min, as shown in Sup-
plementary Fig. 5. When the growth time increases, the graphene
domains merge together leading thus to a continuous graphene film.
SEM and Raman’s characterization confirmed that graphene is a
monolayer, as shown in Supplementary Fig. 2.

Graphene transfer method

A PMMA-assisted method is used to transfer graphene. PMMA (950
PMMA A9, MircroChem) diluted in anisole (99%, Sigma-Aldrich) is
directly spin-coated on graphene for one minute. PMMA has been
dried in an ambient atmosphere for 24 h and the graphene on the
backside of the copper foil has been etched away by Oxygen Plasma.
FeCls is used to etch the copper substrate, and the PMMA/graphene
stack has been carefully rinsed with deionized water more than 5 times
to remove the metallic contamination as much as possible. Then, the
PMMA/graphene stack is transferred to the target substrate and dried
in an ambient atmosphere for 24 h in order to remove the residue
water between the graphene and the target substrate. The specimen is
baked in an oven for 15 min at 150 °C. At the end, the PMMA is removed
using a warm acetone bath (50 °C) for 1 h.

Description of the TOC method

Dogbone specimens have been produced with the following lengths:
50, 100, 200, and 400 uym. In addition, many widths were tested equal
to 1, 1.5, 2.5, 4, and 8 um. For rectangular specimens, a single width
equal to 8 um was used; while two different lengths were tested, equal
to 20 and 40 um. Here, the rectangular specimen will be defined as
‘Rect’. The dogbone is simply noted as ‘Dogbone’. The actuator length
also varies to apply different levels of force, as shown in Fig. 4. This
variation is between 30 and 1500 um with a step of 30 um for ‘Rect’
structures and between 50 and 1500 um with a step of 25 um for the
‘Dogbone’ configuration. The design of different specimen lengths is
needed to characterize both large and small deformation regimes,
using short and long specimens, respectively. These changes in spe-
cimen length, along with the different load levels allowed by varying
the actuator length, are required in the case of materials exhibiting
large fracture strains such as graphene.

Failure probability

The failure stress is never known exactly with the TOC method because
a specimen is either broken (and one does not know exactly the strain
at which it was broken) or unbroken, as there is no continuous mon-
itoring of the specimen during the deformation process (which occurs
progressively thanks to the tapering of the actuator beams until the
release of the last attached point, which can be considered as a fast
release). Hence, one can generate, as a function of the applied stress or
strain (or as a function of a small range of applied stress or strain), a
failure probability P¢ by counting the number of broken specimens
compared with the total number. This analysis can be repeated for
different specimen sizes. The basic Weibull® analysis assumes that the
failure probability is given by

Pr=1—exp {— <Z—N> m} )
0

with Weibull exponent m, characteristic strength o,, and nominal
strength . The equation is identical when expressed in terms of the
applied strain € and characteristic strain &, assuming a linear elastic
response. The justification of the exponential form is grounded on a
weakest link model statistics, and thanks to the simplicity of the
exponential functions, it satisfies the two limits, P =0 when g, = 0 and
P; — 1 when gy — +o00. The strength o, depends on the specimen
dimensions and corresponds to the stress with a probability of failure
Pe=1-e1=0.63. In the present work, the accuracy of the strain
measurement is higher than the stress measurement, as explained in
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Supplementary Note VII thus, using the Weibull equation as a function
of the strain seems more convenient

a-eol-2)]

Equations (2) and (3) can be used with other reference para-
meters, the key information being in the Weibull exponent m.

3

Raman’s characterization of graphene

Raman spectroscopy measurements were performed at three points
(A-C), as shown in Supplementary Fig. 2a. In these three points, the 2D-
band peak is sharp and narrow, as observed in Supplementary Fig. 2b.
The intensity of the ratio G-band/2D-band peak is equal to 0.5, indi-
cating that the graphene is a single layer. Moreover, graphene is of high
quality since the D peak is negligible.

Data availability

Source data are provided with this paper. Any additional requests for
information can be directed to, and will be fulfilled by, the corre-
sponding authors. Source data are provided with this paper.

Code availability
The Python code used to calculate K; at crack arrest (and thus K,) is
made available as a supplementary file.
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Supplementary Figure 1: I-XII11 Main fabrication steps of COC and TOC applied to graphene specimens. Schematic
illustration of released symmetric and asymmetric crack-on-chip COC design, respectively, in XIV and XV. The inset
shows the crack arrest length measured after the release step. This length will be used to determine the fracture
toughness given by each COC structure. XVI tensile-on-chip TOC design with dogbone shape specimen. The red inset
is a schematic zoomed view of a TOC showing the displacement measured between two cursors after the release step,
one is fixed and one is movable. The displacement u is used in the analytical equation to determine the strain and stress
provided by the TOC structure.
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Supplementary Figure 2: Characterization of graphene domains by (a) SEM and (b) Raman (at 3 locations). G-band of
around 1583 cm! is the typical value found for a flat graphene layer. The sharp 2D-band signal indicates a single-layer
graphene.



Supplementary Figure 3: The domain size of the tested CVD monolayer graphene is around 3 cm. The graphene layer
covers a length of 3 cm of the Cu foil avoiding its oxidation.
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Supplementary Figure 4: TOC results of monolayer graphene as a function of the surface area of the graphene
specimen. Red color for broken specimens and blue color for unbroken ones. The strain for an unbroken specimen is
the measured one. The strain corresponding to a broken specimen is the maximum strain applied to this specimen,
known based on equation S9.



Supplementary Figure 5: Separated graphene domains on top of an oxidized Cu foil. The oxidation of copper foil
occurred at the locations that were not covered by graphene (reddish zones).



Supplementary Note I: TOC mechanical model

The analytical equations describing the mechanics of the on-chip uniaxial tension test structures were
developed based on linear elasticity as detailed in references 8. The true stress and true strain are

determined using the following relationships:

L, +u
L

S

o= A(In(LaL_UJ—sTS]exp(s), (S2)

a

e=In( )—e™, (S1)

where A=E, V% . All parameters were determined experimentally with definition and values reported

in Supplementary Table 1. For the actuator, the mismatch strain can be determined using special test
structures called self-actuated structures (shown in Supplementary Figure 6) where the actuator beam
pulls on a specimen made of the same material used as the actuator. The same technique can be used to
determine the mismatch of the test specimen. However, such a test structure would not work for
graphene. Alternatively, the mismatch strain can be determined using a free beam, which gives high
accuracy when long enough. In practice, long free cantilevers even with a minor internal stress gradient
over the thickness lead to significant out-of-plane displacement as shown in Supplementary Figure 7.
As out-of-plane displacement cannot be accurately measured, only short beams without any out-of-plane
bending should be utilized, at the expense of accuracy (shorter beams involve shorter displacement upon
release). In the present work, both techniques lead to a value close to the mismatch strain of the Ni
actuator; e7S~0.003 (self-actuated technique) and £7**~0.004 (free beam). From one deposition to
another, the actuator mismatch slightly changes due to several reasons related to deposition and
specimen storing conditions. The latter parameter is measured in each release in order to take into

account any slight variation.

Supplementary Table 1: Mechanical and geometrical parameters used in the FE simulations and uncertainties analysis
for graphene specimens; E, is Young’s modulus of the actuator, E is Young’s modulus of the specimen, ™ is the

a

internal stress of the actuator, ¢™™ is the internal stress of the specimen, v, is the Poisson’s ratio of the actuator, v is
the Poisson’s ratio of the specimen, t, is the actuator thickness, t is specimen thickness, a is crack length, W, is the

actuator width, L, the actuator length, L, the specimen length, w the specimen width and W.’ is the specimen overlap
width.

Parameter Measurement method Value Uncertainty

Actuator Young’s Nanoindentation 207 GPa AE, = 8 GPa

modulus (E,)



Specimen Young’s
modulus (E)

Internal stress of the

actuator (ot

Internal stress of the

specimen (a™™)

Poisson’s ratio of the

actuator (v,)

Poisson’s ratio of the

specimen (v)

Thickness of actuator (t,)
Thickness of specimen (t)
Crack length (a)

Actuator width (W)
Actuator length (L,)

Specimen length (L, )

Specimen width (W)

Specimen overlap width
W,)
Notch radius

Notch length

Nanoindentation + AFM +

literaturel®t?

Stoney measurement

Assumption

From literature!®

From literature!®-2!

Profilometry

Raman & AFM

SEM after release
SEM before and after
release

SEM (before & after)

SEM (before & after)

SEM (before & after)

SEM (before & after)

SEM (before+after)
SEM (before+after)

~1TPa

600 MPa

0 MPa

0.3

~0.3

70 nm

0.34 nm
Depending on
each structure
10.3 um
Varies between

10 to 100 pm
6.0-7.7 um

40 um

7.7-8.1um

1.2 ym
Varies between
0to 24 um

AE = 100 GPa

Ac™ = 10 MPa

Ac™ = 10 MPa

Av,=0.01
Av = 0.01
At, = 1nm
At = 0.02 nm
Aa = 50 nm
AW, = 50 nm
AL, = 100 nm
AL = 30 nm
AW = 30 nm
AW, = 30 nm

ARadius = 40 nm
ALength = 40 nm



Released width SEM after release using Varies mostly AL,¢; = 500 nm
free beams (as shown in between 10 to
Supplementary Figure 8) 14 um

20 um*
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Supplementary Figure 6: SEM images of self-actuated structures of Ni films to determine the mismatch strain of the Ni
actuator. Both beams are Ni films. Zoomed view of the displacement cursors in the inset.

[

Supplementary Figure 7: Out-of-plane bending of a free actuator beam due to the internal stress gradient that is
released prior to the etching of the underneath layer.



Supplementary Note I1: Finite element simulation of COC

2D FE simulations have been performed using the commercial software Abaqus associated with Python

scripts in order to establish an accurate data reduction scheme for the extraction of the mode | stress
intensity K, given by each structure as a function of the crack length and of the other geometrical

dimensions. Details can be found in Jaddi et al.>*°, and only the main aspects are summarized hereafter,
in particular regarding the simulation of the release process. Furthermore, FE simulations were used to

guide the design of the test structures and to analyze the kinetics of the release process.

A structure involving the test specimen, the two actuator beams, and a sufficiently wide zone of the
surrounding substrate is meshed using 4-node bilinear plane stress elements with reduced integration
(CPS4R). The collapsed quadrilateral quarter element technique is used to capture the singularity field
near the crack tip. The overetching of the anchoring regions is taken into account as was performed in
the previous study?®. However, in this work, Ni was used as an actuator making the determination of the
shape and size of the overetched zone not straightforward as opposed to the case where a transparent
actuator. Thus, free beam structures (as shown in Supplementary Figure 8) were used to determine the
released area that was introduced in the simulation assuming the symmetry of the release. All nodes are

initially fixed to represent the perfect adhesion to a rigid substrate. The linear isotropic elastic Hooke’s

law is invoked for both the specimen and actuator materials with, respectively, Poisson ratio, v and v,

, and Young’s modulus, E and E,.

At first, a fictitious thermal loading with the same magnitude as the measured equibiaxial internal
stress was applied. Then the nodes were progressively released over time according to their shortest
distance to one of the nodes located at the edges of the geometry. The node is released when the
minimum calculated distance associated with a node is larger than the product of the etching rate and
time. The release is stopped when the final etching time is attained, leaving several nodes at the periphery
of the model unreleased, hence dictating the clamping frontier. Consequently, the value is directly

provided in the form of J-integral values.



Supplementary Figure 8: SEM micrograph showing free beams with different widths used to measure the released
width thus determining the overetch width. Here the 14 pm-wide beam shows out-of-plane bending which implies a 7
pum underetch. These structures are used when it is difficult to see the release profile especially when non-transparent
material is used as an actuator like Ni film.



Supplementary Note I11: COC principle

For short crack length a, the stress intensity factor can be approximately expressed by?®

L < -

Lt B, a,Y’n j+a3
Lt B w) L o

with Y = 1.12 or 1 in the case of asymmetric geometry or symmetric, respectively. The two actuator

Tasym/sym = (]‘

beams have a length L, width Wa (or 2Wa for the symmetric design), thickness ta, internal stress o™,
Young’s modulus Ea, and Poisson ratio v,. The test specimen has a length L, width W (2W for the
symmetric design), thickness t, internal stress '™ that is considered equal to zero in the case of
graphene, Young’s modulus E, Poisson ratio v, o, =1—v* in plane strain and «, =1 in plane stress,

and a, =1-v* when the specimen is attached at its upper and lower edges and a, =1 when the

specimen is free at the edges and involves a crack of length a (2a for the symmetric design).

For long crack length a, the expression is®

—(1-v,)o" I, V % , (s4)

K ;
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EL aWt
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For the graphene case, the ratio ti is almost zero. Therefore, the above equations can be simplified as

a

for short crack length a:

a (W [L,
— TwynL
Klasy’rnx'sym - (1 v ) o La B S‘ WS (86)

and for long crack length a:



in ' L
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Supplementary Note 1V: Unsuccessful COC tests

Supplementary Figure 9 shows examples of specimen breaks before any crack initiation at the notch tip.
Supplementary Figure 9(a) shows the fracture case that often occurs in symmetric configurations and
which consists of the failure of the graphene specimen in the middle part from both attached sides to
both actuators or one side as shown in Supplementary Figure 9(b). While sometimes the specimen breaks
in the anchored beam from either one side or both sides as in Supplementary Figure 9(d) and (c),
respectively. This fracture was driven by the fact that the two long parts of the specimen twisted due to
the long length and the thinness of the graphene. Therefore, for future works, in order to be able to
produce more reliable and successful symmetric structures for 2D materials, some design modifications
appear necessary. A possible improvement of the symmetric design can be the large reduction of the
specimen length or the addition of a new layer on top of graphene where the fracture likely occurred and
far away from the cracking path. Another problem that occurred during the release is the specimen’s
edges twisting, especially the notch edges where the twisting can be very large as shown in
Supplementary Figure 9(e), and can transform the specimen almost into a nanotube. This problem is also
associated with out-of-plane displacement and is more acute in the case of long notches. Besides the
problems related to specimen design, many COC devices were not working due to many problems
encountered during the fabrication process. The most common fabrication problems are the resist
residues and Ni redepositing as illustrated in Supplementary Figure 9(f).

As mentioned previously the release is performed using XeF, which causes fluorination if the
exposure time is long introducing some defects that could affect the graphene's mechanical properties??.
However, in our case the exposure time was very short, in total it did not exceed 40 s. Moreover, some
of the samples were re-measured months after the release to check the fluorination effects since the
fluorination percentage has the tendency to decrease from 50% to 80% in the week that follows the
exposition'?. Therefore, we believe that the graphene used here is not fluorinated or the fluorination
effects are minuscule.

The errors generated during the crack length measurement are likely produced due to, (i) the electron

charging effect that causes further cracking which is not taken into account in the extracted K, .

Although the magnification is fixed and chosen in a way to not produce further cracking, still some
structures can show more charging than others; (ii) wrapping or out-of-plane bending that is more critical

in graphene structures making an accurate measurement of the crack length almost impossible.
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Supplementary Figure 9: Main problems encountered while testing crack-on-chip COC specimens; (a) fracture
occurred in the part between the actuator on both sides, up and down; (b) fracture occurred far from the notch in the
clamped beam of the graphene; (c) same as (b) but with another fracture of the other specimen’s beam near the overlap
between the graphene and the substrate; (d) fracture of the overlap and the specimen’s beam on one side; (e) twisting
of the specimen edges, precisely the notch ones; (f) resist residues and redepositing of Ni film on top of graphene
membrane. The structures that undergo these problems are discarded.



Supplementary Note V: Error propagation on K in the case of graphene

In order to perform the error analysis, we will follow the same steps performed previously for SiO; in'°.
The need to redo this error propagation is necessary since here the specimen thickness is negligible and
Young’s modulus is very high. Therefore, the assumptions which were adopted before to simplify the
analysis are no longer valid.

We rely on the analytical formula (S7). The expression includes the following independent variables:
Poisson’s ratio of the actuator v, internal stress in the actuator o™, length of the actuator L,, Young’s
modulus of the actuator E,, Young’s modulus of the specimen E, crack length a, the thickness of the

actuator t,, thickness of the specimen t, length of the specimen L., the width of the actuator W,,, a, =

1 —v? where v is the Poisson’s ratio of the specimen.

We neglect the errors on W, t and t, which are very small, less than 0.001%. The ratio L tends to

a

zero hence, the second term of the denominator is neglected in the following analysis. The formula for

determining the relative error on K from the propagation of the different uncertainties is

(3K Ax

(S8)

where x; refers to the different independent variables listed above.

The eight contributions to the overall uncertainty are derived one by one. The three first contributions

from o™, v, and a, lead to systematic constant errors

0K |Agi™  Ag™ .

doint| K - gint = 1.67%,
a a
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Since the second term of the denominator in equation (S7) is neglected, the uncertainty on E, E, and

on the specimen length lead to a constant contribution to the overall error:
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The following errors vary from one structure to another:
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The dominant contribution is the error coming from the determination of Young’s modulus of the

graphene specimen.

In summary, the sum of errors is, in the best case, around 17% and can increase up to 23% in the
case of short crack lengths and short actuator lengths. However, considering several specimens reduces

the error on the determined mean fracture toughness.

Other phenomena might also affect the accuracy of the extracted fracture toughness that is not
accounted for in the above uncertainty analysis. For instance, some values at the limit of the distribution
are associated with specimens exhibiting wrinkles near the notch tip, which are known to weaken the
specimen and accelerate failure!?, although, in other studies, wrinkles are considered as offering extra
resistance to crack propagation®. In any case, wrinkles artificially modify the fracture toughness, an
effect not accounted for in our uncertainty analysis. Moreover, thick graphene islands were revealed to
react as crack arrestors preventing sudden crack propagation!4. Resist residues can also act as crack
arrestors and affect further the cracking rate compared with the fracture toughness. All these phenomena

are described in more details in the Supplementary Material V1.



Supplementary Note VI: On the sources of imperfection/pollution in the

graphene on-chip tests

In this section, the possible factors that could alter the quality of the graphene specimens are analyzed
such as the presence of corrugations and PMMA residues. It also discusses how the mechanical
properties are potentially influenced by the corrugations or the resist residues.

2D materials unlike their 1D or 0D counterparts exhibit corrugations such as wrinkles, ripples,
creases, or crumples. These corrugations can be categorized based on their aspect ratio, order, and
topology. More information regarding these corrugations has been collected in the review paper by Deng
et al?. Wrinkles typically have a length longer than 100 nm, a height below 10 nm, and a high aspect
ratio with widths between 1 to tens of nm. Ripples have an aspect ratio of around 1nm. Both are
temporary distortions that disappear once the responsible loading conditions like compressive buckling
are removed or a tensile load is applied to the sample. On the other hand, creases constitute a kind of
permanent folds that are generated by applying high plastic deformation leading to a shorter sample
compared with its original initial in-plane length. Last, crumples can be considered as intense wrinkles
and folds occurring mostly with a 3-dimensional topology similar to a crumpled paper.

Numerous reasons lead to these corrugations in graphene such as dislocations, surface anchorage,
substrate relaxation, edge or interatomic interaction instabilities, and surface tension caused by solvents.
For instance, the wrinkles are known to be denser near the graphene edges and defects due to the higher
asymmetric distribution of bond lengths.?®?* Wrinkles/ripples are dependent mainly on the surface
morphology of the growth substrate and on the transfer process.

Literature shows that the surface morphology underneath the graphene controls the wrinkles' density
as well as their orientation. Moreover, the roughness of the surface also controls the wrinkles' density
since high roughness introduces extra stress to ensure adhesion between the layers leading to an increase
in the number of wrinkles. Another important point is the difference in the thermal coefficient between
the graphene and the underlying layer that can generate wrinkles. For instance, the epitaxy growth of
graphene on top of SiC wafers shows higher wrinkles during cooling due to thermal expansion. 2.2

In most cases, graphene is grown on top of metallic surfaces requiring to be transferred to another
substrate, most likely Si, thus tending to form wrinkles. The latter can hardly be suppressed, except with
very specific fine-tuned methods like the one developed by Chatterjee et al.? This transfer step could
not be avoided in this study as well. Regardless of the great care taken during the graphene transfer step,
we indeed still see some wrinkles in our specimens. Nevertheless, the graphene tested in this work has
a low density of wrinkles thanks to the transfer method based on soaking PMMA/graphene layer in
deionized water at a high temperature of around 80°C and making sure the Si surface is hydrophobic.
The study conducted by Liu et al.?® also by Gao et al.*® shows the advantage of this transfer technique.
A key point is that the area where the test structures were patterned in this work was carefully selected

in a region with no or very few amount of wrinkles.



Nevertheless, the presence of wrinkles is minimized in this work especially when designing the test
specimens, the etching of the underlayer also re-introduces wrinkles into graphene that becomes
unstable, tending to self-folding especially with wide samples as observed in this work, and in other
reported studies, e.g. in Lambin et al.3! and Cranford et al.*> These out-of-plane ripples/wrinkles
manifest in freestanding graphene as a way to release the in-plane strain energy. The wrinkle wavelength
and density increase under an applied strain especially near the edges of wide samples.

Consequently, the graphene used in this work does have some corrugations mostly in the form of
wrinkles or creases. Thus, the core question is the impact of the presence of corrugations on the extracted
properties. The influence of corrugations on the extracted mechanical properties is not a trivial question.
It is very challenging to quantify, and up to now, to our knowledge, there is no work studying this impact
experimentally in detail. To explore the potential implications, however, some research based on
numerical models and theoretical calculations was carried out. According to Xi Shen et al.'s*® research
wrinkles have typically very little effect on the monolayer graphene sheet. For example, Young's
modulus along the armchair direction is reduced by around 11% for high wrinkle density with high
wavelength. The measurement error on our estimated Young's modulus, 0.85 TPa and 1.2 TPa (resulting
from dogbone and rectangular samples, respectively), is in the region of 4% reduction along the zigzag
direction. On the other hand, certain research, such as that by Qin et al.** demonstrated greater strength
for wrinkled graphene compared to flat graphene.

Thanks to its high strength, wrinkled graphene was employed by Zhao et al.®> to reinforce various
metal matrix composites. According to Akhunova et al.'s research,® contrary to high-amplitude
corrugations, small-amplitude corrugations in graphene do not significantly lower its Young's modulus
and fracture strength. Only small-amplitude corrugations are expected to marginally lower the calculated
Young's modulus and fracture strength in comparison to the pristine values. Additionally, a negative
Poisson ratio was demonstrated. * In essence, the density of corrugations in the used samples of the
present work is low and thus has a very minor impact on the extracted Young’s modulus, strength, and
fracture strain; this is consolidated by the repeatability of the results coming from different samples,
although the non-uniformity of the corrugations distributions, and by the fact that the obtained properties
values are similar to the reported values in the literature.

Regarding fracture toughness, wrinkles alter the extracted value of fracture toughness in an artificial
way that is not taken into consideration by our uncertainty analysis. It is likely that some values at the
limit of the distribution are related to specimens with wrinkles near the notch tip, which are known to
weaken the sample and speed up failure, * despite the fact that in some studies wrinkles are thought to
provide an additional barrier against crack propagation.®® Nevertheless, the probability of the presence
of wrinkles in the vicinity of the notch tip is negligible, especially in all the test 80 samples.

On the other hand, creases have been observed more in the asymmetric as a result of imperfections
and misalignments in the geometry that can introduce significant out-of-plane displacement and can be

considered somehow responsible for the discrepancy of the obtained fracture toughness values. While



the TOC (uniaxial specimens) and symmetric COC specimens do not exhibit substantial creasing upon
deformation due to more constraints placed on the test structure, it is possible that the creases are
encouraged by the existence of the crack. We have been running 3D FE simulations with Abaqus with
imperfections, but not with the goal to generate creases and study them, but to estimate the mixed mode
effects on cracking. The analysis was not pushed further because the effects were found weak. These
simulations were further pursued by Twente’s team who delivered convincing data. 4° The fact is that
these 3D simulations never lead to creasing. This is often the case with such types of instabilities that
one needs to seed the right imperfection to generate it. This appears to be a research project on its own
that goes beyond what can be achieved in the context of this study.

The literature has demonstrated that PMMA-based graphene transfer results in either some form of
PMMA islands or a continuous layer of residues with a thickness of 1 to 2 nm. Consequently, even in
very minute amounts, PMMA residues can be found in some places of graphene. After every transfer of
graphene, an SEM analysis is performed to ensure that there are no residues, at least not of a size that
can be detected, in the area of interest. We are unable to offer conclusive reasoning to exclude very tiny
residues. The only thing we can conclude is that the removal of PMMA residues is aided by the
combination of annealing and hot acetone as was demonstrated by Hwangbo et al.*! Here, the presence
of a continuous film of PMMA is unlikely but we have some islands of residues with not high density
thanks to using hot acetone. Hwangbo et al.** demonstrate that the bonding strength between graphene
and the PMMA residues is very weak. Therefore, synergetic toughness enhancement of the graphene
and residues even in the case of a uniform layer of PMMA is unlikely. In our case, the fracture toughness
will not be impacted by the presence of some small/thin islands of residues, especially since the fracture
toughness of PMMA is low around 1 MPaVm. However, in general, the cracking rate and path can be
influenced in the case of large/thick residues that can behave as crack arrestors.

Now, assuming these minor residues would in any case be attached to certain specimens, one can
reasonably expect that they would not significantly affect the mechanical behavior of graphene. This is
likewise the interest of performing a large number of tests to limit the impact of some defective
specimens.

As a final remark, it is worth mentioning that the step that introduces more PMMA residues is not
the graphene transfer but the lithography step. This step used PMMA underneath the photoresist since
residues of PMMA are easier to remove than photoresist. The removal of PMMA in this step is based
on hot acetone rinses leaving a layer of resist residues. Moreover, characterizing graphene with PMMA
residues is still interesting since the fabrication of graphene-based transistors and logic circuits strongly
relies on PMMA as well.

As a conclusion, both PMMA residues and the different forms of corrugations can slightly change

the obtained mechanical properties of the monolayer graphene.



Supplementary Note VII: When is the measured graphene displacement significantly

smaller than wuy,..?

The comparison between the displacement measured when the graphene is present and with a free beam
having the same length leads to a different value, which proves that although a very thin graphene layer
induces a significant stress in the actuator that leads to a measurable effect on displacement. This can
also be checked analytically by:

1
U=""Ewi, U 9
14 e

E.W,t L

a’ "a-a —s0

LaO

The second term of the denominator in equation (S9) increases when the ratio increases. By

a—so

replacing the parameters in equation (S9) with the corresponding values. For instance, for the shortest

actuator of a structure ‘Rect’, U=0.97u,., while for the longest actuator u=0.4u,., . Therefore, for

short actuator lengths, the actuator reacts like a free beam while for longer beams the difference between

u and Ug,, is significant and cannot be neglected. Consequently, an approximate estimation of the

stress in the monolayer graphene specimen can be determined using the TOC technique, which allows
building a stress-strain response.
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