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Measurement of the Elastic
Properties and Intrinsic Strength
of Monolayer Graphene

Changgu Lee,™? Xiaoding Wei," Jeffrey W. Kysar,™> James Hone

1,2,44

We measured the elastic properties and intrinsic breaking strength of free-standing monolayer
graphene membranes by nanoindentation in an atomic force microscope. The force-displacement
behavior is interpreted within a framework of nonlinear elastic stress-strain response, and yields
second- and third-order elastic stiffnesses of 340 newtons per meter (N m™) and —690 N m™,
respectively. The breaking strength is 42 N m™* and represents the intrinsic strength of a
defect-free sheet. These quantities correspond to a Young's modulus of £ = 1.0 terapascals,
third-order elastic stiffness of D = —2.0 terapascals, and intrinsic strength of o;,; = 130 gigapascals
for bulk graphite. These experiments establish graphene as the strongest material ever measured,
and show that atomically perfect nanoscale materials can be mechanically tested to deformations

well beyond the linear regime.

study on the fracture of brittle materials that

established the relationship between the change
of potential energy of a brittle system with crack
growth and the free energy of a newly created
surface (/). As a result of this insight, Griffith
deduced that the actual breaking strength of a
brittle material is governed by the sizes of de-
fects and flaws within the material, rather than
the intrinsic strength of its atomic bonds. To
emphasize the point, Griffith wrote that “in the
limit, in fact, a fiber consisting of a single line of
molecules must possess the theoretical molecu-
lar tensile strength,” the maximum stress that
can be supported by the material prior to failure
in a pristine material without defects, here denoted
as the intrinsic strength. He then proceeded to
experimentally estimate the intrinsic tensile strength
by measuring the breaking strength of a series of
glass fibers with progressively smaller diameters
and extrapolating the results to an atomic radius.
He extrapolated an intrinsic strength of about
E/9, where E is the elastic stifthess (Young’s mod-
ulus) of the material under uniaxial tension. The
concepts related to fracture have been well de-
veloped in the intervening decades; however, a
direct and repeatable measurement of the in-

In 1921, Gritfith published a groundbreaking
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trinsic breaking strength of a material has re-
mained elusive. We probed the intrinsic strength
of monolayer graphene, as well as its linear and
nonlinear elastic properties.

Graphene, which consists of a two-dimensional
(2D) sheet of covalently bonded carbon atoms,
forms the basis of both 3D graphite and 1D car-
bon nanotubes. Its intrinsic strength, predicted to
exceed that of any other material (2), motivates
the use of carbon-fiber reinforcements in ad-
vanced composites, and may permit such exotic
structures as a “space elevator” if macroscopic
fibers close to the theoretical strength can be
realized. However, the intrinsic strength of this
material has still not been definitively measured

Fig. 1. Images of sus-
pended graphene mem-
branes. (A) Scanning
electron micrograph of a
large graphene flake span-
ning an array of circular
holes 1 um and 1.5 um
in diameter. Area | shows
a hole partially covered
by graphene, area Il is fully
covered, and area Il is
fractured from indenta-
tion. Scale bar, 3 um. (B)
Noncontact mode AFM
image of one membrane,
1.5 um in diameter. The
solid blue line is a height
profile along the dashed

because of the inevitable presence of defects and
grain boundaries in macroscopic samples. In the
past few years, multiple studies (3—/0) of car-
bon nanotubes have confirmed their high stiff-
ness and strength. However, determination of these
quantities has been difficult because of uncer-
tainty in the sample geometry, stress concentra-
tion at clamping points, structural defects, and
unknown load distribution among shells in mul-
tiwalled nanotubes. Recent experimental ad-
vances (/) now permit the study of individual
graphene sheets. We used atomic force micro-
scope (AFM) nanoindentation to measure the
mechanical properties of monolayer graphene
membranes suspended over open holes. This
technique has recently been used to study multi-
layer graphene (12, 13) and offers three impor-
tant advantages over experiments on nanotubes:
The sample geometry can be precisely defined,
the 2D structure is less sensitive to the presence
of a single defect, and the sheet is clamped around
the entire hole circumference, as opposed to two
points in the case of nanotubes.

For this study, a 5-by-5-mm array of circular
wells (diameters 1.5 um and 1 pm, depth 500 nm)
was patterned onto a Si substrate with a 300-nm
SiO, epilayer by nanoimprint lithography and
reactive ion etching (Fig. 1). Graphite flakes were
then mechanically deposited onto the substrate
(14). Optical microscopy was used to find flakes
of monolayer graphene, whose thicknesses were
confirmed with Raman spectroscopy (/5) (fig.
S1). Figure 1A shows a monolayer flake depos-
ited over many circular wells to form a series of
free-standing membranes. Noncontact mode
AFM imaging (Fig. 1B) confirmed that the

line. The step height at the
edge of the membrane is

about 2.5 nm. (C) Schematic of nanoindentation on suspended graphene membrane. (D) AFM image of

a fractured membrane.
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graphene membranes were stretched tautly ac-
ross the well openings. It also revealed that the
graphene adheres to the vertical wall of the hole
for 2 to ~10 nm, presumably because of van der
Waals attraction to the substrate.

The mechanical properties of the free-standing
films were probed by indenting the center of
each film with an AFM (XE-100, Park Sys-
tems), as illustrated in Fig. 1C. Because of the
strength of the films, cantilevers with diamond
tips were used for this study. Two different can-
tilevers were used, with tip radii of 27.5 and
16.5 nm, as measured before and after indenta-
tion via transmission electron micrography (TEM)
(fig. S2). The corresponding cantilever spring
constants were calibrated against a reference
cantilever (/6). Prior to indenting, the graphene
membranes were scanned in a noncontact AFM
mode and the AFM tip was subsequently po-
sitioned to within 50 nm of the center. Mechanical
testing was performed at a constant displace-
ment rate, followed by load reversal. This cycle
was repeated several times for each film tested.
The data showed no hysteresis, which demon-
strated the elastic behavior of the film and showed
that the graphene film did not slip around the
periphery of the well. The force-displacement
measurements were highly repeatable; data sets
from different flakes, membrane diameters, dis-
placement rates, and indenter tip radii yielded
values of the elastic modulus that were statisti-
cally indistinguishable. Once the data for elastic
properties of the films were recorded, the films
were once again indented at the same rate, but
this time to failure. The force-displacement data
were processed to determine the elastic properties
and breaking stress of the graphene membranes.
Full details of the experimental procedure and
data analysis can be found in (/6).

The elastic response of the graphene must
be considered nonlinear because the stress-
strain response must curve over to a maximum
point that defines the intrinsic breaking stress.
An elastic (i.e., reversible) response implies the
existence of an energy potential that is a func-
tion of strain that can be expressed as a Taylor
series in powers of strain. The lowest-order (qua-
dratic) term leads to linear elastic response. The

120010 A
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third-order term gives rise to nonlinear elastic
behavior (/7). The resulting isotropic elastic re-
sponse under uniaxial extension can be ex-
pressed as

6 = Ee + Dg? (1)

where ¢ is the symmetric second Piola-Kirchhoff
stress, € is the uniaxial Lagrangian strain, £ is
the Young’s modulus, and D is the third-order
elastic modulus. The value of D is typically neg-
ative, so the presence of the second-order term
leads to a lessening of stiffness at high tensile
strains and an increasingly stiff response at high
compressive strains. £ was determined from com-
ponents of the second-order fourth-rank stiff-
ness tensor (with two independent components
for an isotropic material), whereas D was deter-
mined from components of both the second-order
fourth-rank stiffness tensor and the third-order
sixth-rank stiffness tensor (with three independent
components for an isotropic material). Numerical
simulations of graphene sheets and nanotubes
suggest that a nonlinear elastic response is ap-
propriate (18, 19).

This thermodynamically rigorous nonlinear
form of the stress-strain response should capture
the salient features of the elastic behavior of
graphene. The maximum of the elastic stress-
strain response defines the intrinsic stress, which
for this functional form is oy = ~E7/4D at the
strain €, =—F/2D, so it remains only to determine
E and D from the experimental results. We deter-
mined the value of £ based on the experimental
force-displacement data and inferred the value of
D from the experimental breaking force.

Monolayer graphene is a true 2D material,
S0 its strain energy density is normalized by the
area of the graphene sheet rather than by the
volume. Therefore, its behavior under tensile
loading is properly described by a 2D stress 6>
and elastic constants £° and D with units of
force/length. The equations given above are valid
for any dimensionality. For purposes of com-
parison to bulk graphite and other materials,
these quantities can be divided by the interlayer
spacing in graphite [# = 0.335 nm (20)] in order
to obtain the corresponding 3D parameters. How-

-40

© (wu)Q
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Fig. 2. (A) Loading/unloading curve and curve fitting to Eq. 2. The curve approaches cubic behavior at
high loads (inset). (B) Maximum stress and deflection of graphene membrane versus normalized radial
distance at maximum loading (simulation based on nonlinear elastic behavior in Eq. 1). The dashed

lines indicate the tip radius R and contact radius R..
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ever, the derived quantities are not intrinsic prop-
erties of the single sheet and cannot be used to
predict other mechanical properties, such as bend-
ing stiffhess (21).

Even at the maximum curvatures present in
these experiments, the energy from bending the
graphene membrane is three orders of magni-
tude smaller than the energy from in-plane strain,
using ab initio values for the in-plane stiffness
and flexural rigidity (22). Therefore, the graphene
can be modeled as a 2D membrane (i.e., it has
zero bending stiffness). We performed detailed
finite-element analyses for this geometry and
loading based on the constitutive relations in Eq.
1, using various values of D, tip radius, and
indenter position (/6). Three important points
emerged from this analysis. First, the resulting
force-displacement curve made by using the non-
linear elastic model was virtually indistinguish-
able from that of the linear model (where D*° = 0).
The calculated radial stress distribution and shape
of the deformed film (Fig. 2B) show why non-
linear effects can be ignored while simulating the
force-displacement response: Even close to break-
ing, at most 1% of the graphene film is strained
to the point where the nonlinear term in Eq. 1 be-
comes important. Second, the simulations dem-
onstrated that the force-displacement curve is
insensitive to the indenter tip radius when R << a,
where R is the tip radius and a is the membrane
diameter. Third, the force-displacement response
is insensitive to the position of the tip (to within
experimental uncertainty) if the indenter tip is
located within a/10 of the center of the film.
Therefore, for the purposes of modeling the
force-displacement behavior, the system can be
approximated as a clamped circular membrane,
made of a linear isotropic elastic material, under
central point loading. Isotropic mechanical prop-
erties were used because the graphene atomic
lattice has sixfold rotation symmetry (23).

Given the above model, the force-displacement
behavior can be approximated (16, 24, 25) as

F=am)(3) + P (5) @)

where F'is applied force, 8 is the deflection at
the center point, 62 is the pretension in the
film, v is Poisson’s ratio [taken here as 0.165,
the Poisson’s ratio for graphite in the basal plane
(26)], and ¢ = 1/(1.05 — 0.15v — 0.16v%) = 1.02
is a dimensionless constant. The solid line in
Fig. 2A shows the least-squares curve fit of one
set of experimental data, based on Eq. 2, taking
o3P and E°° as free parameters. The closeness
of the fit further validates the appropriateness of
this model.

For this study, membranes from two separate
graphene flakes were tested. These included seven
with 1-um diameters and six with 1.5-um diam-
eters from flake 1, and five of each size from
flake 2. Each flake was probed using a different
cantilever. For each membrane, approximately
three loading/unloading curves were collected,
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to multiple depths (between 20 and 100 nm). In
total, 67 values of 522 and E*” were determined
by fitting to Eq. 2. Figure 3A shows the dis-
tribution of the derived values of E*°. The mean
value of £2° is 342 N m ", with a standard de-
viation of 30 N m . An estimate of the overall
uncertainty in the measured value is discussed in
(16). The elastic modulus values obtained from
all data subsets (different flakes, tips, well radii,
indentation depth, and indentation speed) were
statistically indistinguishable.

Figure 3B shows the derived values for the
film pretension, which range from 0.07 to 0.74
N m ', with flake 2 showing larger pretension
on average. These values are remarkably high,
higher than the fracture strengths of many con-
ventional materials. We also observed that,
because the membrane follows the wall for 2 to
10 nm, the actual membrane profile is ~0.2 to
1% longer than the nominal well diameter. This
elongation would lead to an added stress of 0.7 to
34 N m ', larger than the measured pretension
in most cases. Therefore, we conclude that the
graphene is nominally in a compressed state
when not suspended.

Effective Young's Modulus (TPa)

The intrinsic strength of graphene was mea-
sured by loading the membranes to the breaking
point. Figure 4A shows four typical breaking
curves, for both tip radii and well diameters.
There is no sign of slippage or other irreversible
deformation prior to catastrophic failure. Figure
1D shows an AFM image of a fractured mem-
brane. The graphene film still hangs around the
edge of the hole, which suggests that fracture
started at the indentation point. The films break
at large deflections (above 100 nm) and forces
of about 1.8 uN and 2.9 uN for the smaller and
larger indenter tips, respectively. These forces
were large enough to break standard Si AFM
tips; TEM inspection confirmed that the dia-
mond tips used in this study were not damaged.
From those four typical curves, a clear pattern
emerges: The force-displacement behavior is
insensitive to tip radius, but the breaking force is
mainly a function of tip radius and shows no
dependence on membrane size, because of the
extreme stress concentration (see also Fig. 2B)
under the indenter tip.

The maximum stress for a clamped, linear
elastic, circular membrane under a spherical

Effective Pre-stress (GPa)

Counts
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Fig. 3. Elastic response test results. (A) Histogram of elastic stiffness. (B) Histogram of film pretensions.
Dashed lines in both plots represent Gaussian fits to data. The effective Young's modulus and prestress
were obtained by dividing by the graphite interlayer spacing.
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Fig. 4. Fracture test results. (A) Four typical tests, with different tip radii and film diameters; fracture
loads are indicated by x marks. Breaking force depended strongly on tip radius but not on sample
diameter. (B) Histogram and Gaussian distribution of breaking force for both tips.
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indenter as a function of applied load has been
derived on the basis of a continuum model as

o = (FE) G)

4nR

where 62P is the maximum stress at the central
point of the film (27). This analytical solution
helps illuminate the relationship among break-
ing force, tip radius, and maximum stress, in
particular showing that the breaking force should
vary inversely with tip radius. Analyzing all of
the measured data using Eq. 3 yields an average
breaking strength of 55 N m™'. However, be-
cause the model ignores nonlinear elasticity, this
value overestimates the strength.

The breaking forces we measured in the
graphene films strongly suggest that the films in
the neighborhood of the tip are free of defects, so
that the maximum stress in the film represents the
intrinsic strength. Two observations support this
argument. First, the magnitude of the stresses
under the indenter tip that we observed is con-
sistent with predictions of intrinsic strength based
on ab initio calculations for monolayer graphene
(18, 19). Second, the distribution of breaking forces,
as shown in Fig. 4B, was relatively narrow,
whereas for brittle fracture one would expect a
wider distribution depending on the random size,
number, and position of defects under the tip. The
second argument can be quantified by fitting the
histograms to the Weibull distribution (28),
which characterizes the failure of brittle materials
with random defects (fig. S8). The statistics
suggest that the material is defect-free, at least
under the indenter tip. This is consistent with
scanning tunneling microscopy measurements
(29) of graphene films (from the same source
material) that show no defects over regions of
hundreds of square nanometers. Therefore, we
used a nonlinear elastic model to treat the break-
ing force data as corresponding to the intrinsic
strength of the graphene.

A series of numerical simulations was per-
formed for the 1-um-diameter graphene film
and the 16.5-nm-radius indenter tip to determine
the relationship between the indentation break-
ing force and the third-order elastic constant,
D?P. In each simulation, the breaking force was
determined as that load at which the solution
could no longer converge to an equilibrium state
under the indenter tip because of the negative
slope of the elastic response at strains larger
than €;,,. The mean experimentally determined
breaking force of 1770 nN was consistent with
a value of D*® = —690 N m "' This value of
D?P was then used in the numerical model
for the 1-pm-diameter graphene film and the
27.5-nm-radius indenter. The simulation predicted
a breaking force (2880 nN) virtually identical to
the mean experimental value of 2890 nN. There-
fore, the experimentally determined values of the
second-order and third-order elastic stiffnesses for
monolayer graphene are £°° =340 + 50 N m™'
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and D*® = 690 + 120 N m !, respectively.
The intrinsic strength is 672 =42 + 4 Nm .
These correspond to Young’s modulus of £ =
1.0 £ 0.1 TPa and a third-order elastic stiff-
ness of D = -2.0 = 0.4 TPa, assuming an ef-
fective graphene thickness of 0.335 nm. The
corresponding intrinsic stress is oy, = 130 +
10 GPa at a strain of g;,; = 0.25. Also, G =
E/8, which is very close to the value obtained
by Griffith.

We compared our measured values with those
from other experiments. Experiments on bulk
graphite (26) yield 1.02 + 0.03 TPa for the in-
plane Young’s modulus. Tensile tests (6-8)
have been reported for both single-walled car-
bon nanotubes and multi-walled carbon nano-
tubes (MWCNTs). A broad range of stiffness
values (0.27 TPa to 1.47 TPa) was obtained,
with breaking strengths ranging from 3.6 to 63
GPa and failure strain up to 12%. An in situ
tensile test (9) in a TEM reported intrinsic strength
of 150 + 45 GPa for a defect-free MWCNT. At
least two recent experiments report mechanical
tests performed on suspended graphene films;
nanoindentation of suspended multilayer graphene
flakes has been used to measure their bending
stiffness (/2) and extract a Young’s modulus of
0.5 TPa (/3). The elastic deformation and failure
strength of graphene have been simulated using
ab initio methods (78, 19). The predicted elastic
response is highly nonlinear for strains above
10% and exhibits a maximum for pristine graph-
ite between 118 and 121 GPa.

The intrinsic strength reported here serves
as a benchmark for structural and mechanical

applications, although the strength of macro-
scopic graphitic materials is still limited by the
presence of defects and grain boundaries. In ad-
dition, these measurements demonstrate that third-
order elastic constants associated with nonlinear
behavior can be measured in atomically perfect
nanoscale materials. These measurements can
be used to validate models of atomic potentials
far beyond the linear regime.
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Measurement of the Distribution of Site
Enhancements in Surface-Enhanced

Raman Scattering

Ying Fang,* Nak-Hyun Seong,* Dana D. Dlottt

On nanotextured noble-metal surfaces, surface-enhanced Raman scattering (SERS) is observed,
where Raman scattering is enhanced by a factor, G, that is frequently about one million, but
underlying the factor G is a broad distribution of local enhancement factors, n. We have measured
this distribution for benzenethiolate molecules on a 330-nanometer silver-coated nanosphere lattice
using incident light of wavelength 532 nanometers. A series of laser pulses with increasing electric
fields burned away molecules at sites with progressively decreasing electromagnetic enhancement

1.75

factors. The enhancement distribution P(n)dn was found to be a power law proportional to (n)™"">,
with minimum and maximum values of 2.8 x 10* and 4.1 x 10, respectively. The hottest sites (1 > 10°)
account for just 63 in 1,000,000 of the total but contribute 24% to the overall SERS intensity.

olecules on nanotextured noble-metal
Msurfaces (1, 2) or nanoparticle aggregates

(3, 4) frequently evidence giant Raman
scattering cross sections. This surface-enhanced Ra-
man scattering (SERS) effect has enabled a variety
of chemical sensing applications (3), including the
detection of single molecules by Raman scattering
(6, 7). The average value of the Raman enhance-
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ment, G, is frequently about 10° compared with
molecules without a SERS substrate. “Hot” spots
where the local field enhancement 1 is 10° or more
have been detected by searching nanoparticle ag-
gregates with powerful microscopes (6-8). At a hot
spot it is possible to measure the Raman spectrum
of single molecules (6-8). The existence of hot spots
suggests that the average enhancement G represents

a broad distribution of microscopic enhancement
factors, so a SERS signal might result from a few
molecules at hot sites or the preponderance of mol-
ecules at “cold” sites (9).

SERS mechanisms may involve electromag-
netic enhancement, chemical enhancement, or res-
onance enhancement. The benzenethiolate (BT)
molecule is frequently used as a probe of elec-
tromagnetic enhancement. BT forms a densely
packed, well-ordered self-assembled monolayer
(SAM) on Ag (10) of the type frequently used in
chemical sensing measurements. Because BT has
weak electronic interactions with metal surfaces
and does not absorb at the laser wavelength, the
chemical and resonance enhancements are un-
important. In electromagnetic enhancement, an
incident laser field, E;,, excites surface plasmons
to create a complex pattern of spatially varying
electromagnetic fields (71, 12). At any location,
the local field is gF;,, where g is the local en-
hancement factor. For the purposes of this study,
it is sufficient to use the approximation (/3) that
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