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C
hemical vapor deposition (CVD) of
graphene1�3 has greatly expanded
its potential applications but re-

quires that it be separated from its metal
seed layer. So-called wet transfer,4 where
themetal layer is etched away, has been the
most common approach. Having separated
the graphene, the next question to be ad-
dressed, particularly when considering scale
up to nanomanufacturing processes such as
transfer printing or roll-to-roll transfer, is the
adhesion of the graphene to target sub-
strates. Such adhesion can be addressed at
very fundamental levels, exploring the nat-
ure of atomic interactions between gra-
phene and other materials, while having
very practical applications in designing, de-
veloping and controlling nanomanufactur-
ing processes. It is also related to exploring
the potential for dry transfer of graphene
frommetal seed layers; graphenemight be
mechanically delaminated from the metal
and directly transferred to target sub-
strates. This process has the potential for
faster throughput in nanomanufacturing
processes and allows the seed metal to
be recycled.5

Measurement of the adhesion energy of
graphene transferred to silicon has been

reported by Zong et al.6 and Bunch et al.7,8

who each measured the adhesion energy
between exfoliated graphene flakes and
thermally grown silicon oxide (280 nm) on
Si(100). By draping graphene over nano-
particles deposited on the substrate, Zong
et al.6 obtained the adhesionenergy at 151(
28 mJ/m2. Bunch's group used microblister
tests to arrive at values ranging from 450 (
207 to 240 mJ/m2.8 At larger scales, blister
tests have also been used to determine the
adhesion energy between CVD grown gra-
phene that had been transferred to copper,9

yielding similar levels of adhesion energy.
On the other hand, a higher adhesion en-
ergy (720 ( 70 mJ/m2) was obtained be-
tween as-growngraphene and its seed layer
(approximately 300 nm Cu film) by a double
cantilever beam fracture test.5

The adhesion energy can, by itself, only
be used to predict the onset of a delamina-
tion at an interface from a pre-existing one
using linear elastic fracture mechanics con-
cepts;10 this simplest approach is a no-go/
go indication of crack growth that does not
account for the more gradual transition to
steady state growth that usually occurs. Pre-
diction of the latter or growth along an
interface in the absence of a pre-existing
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ABSTRACT The wet-transfer of graphene grown by chemical vapor deposition (CVD) has been

the standard procedure for transferring graphene to any substrate. However, the nature of the

interactions between large area graphene and target substrates is unknown. Here, we report on

measurements of the traction�separation relations, which represent the strength and range of

adhesive interactions, and the adhesion energy between wet-transferred, CVD grown graphene and

the native oxide surface of silicon substrates. These were determined by coupling interferometry

measurements of the separation between the graphene and silicon with fracture mechanics

concepts and analyses. The measured adhesion energy was 357 ( 16 mJ/m2, which is

commensurate with van der Waals interactions. However, the deduced traction�separation

relation for graphene-silicon interactions exhibited a much longer range interaction than those normally associated with van der Waals forces, suggesting

that other mechanisms are present.
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delamination requires the strength of the interaction
to be known as a function of the separation of the
surfaces. This function is known as the traction�
separation relation11 and can be viewed as a constitu-
tive entity for the interacting surfaces, separate from
the constitutive or stress�strain behavior of each
interacting body. The area underneath the traction�
separation relation is the adhesion energy.
In situations where the interactions are accessible to

atomistic calculations, traction�separation relations
can be computed directly from the appropriate classi-
cal force fields without resorting to any calibration
experiments.12 They can be viewed as the continuum
representation of the interactions between the two sur-
faces. In more complex cases, the traction�separation
relation for a particular contact pair can be determined
in a suitable characterization experiment. No matter
which route is taken, the traction�separation relation
can then be used to predict the onset and growth of
contact and/or separation of the pair in some other
configuration,13 such as transfer printing or roll-to
roll-transfer.
Theoretically, van der Waals (vdW) interactions

have been considered as the dominant mechanism
for the adhesive interactions between graphene and
silicon. Using a semiempirical density functional the-
ory (DFT) approach (DFT-D2) with vdW corrections,
Fan et al.14 obtained an adhesion energy of 235 mJ/m2

for graphene on a reconstructed crystalline SiO2

surface. Other DFT calculations with more sophisti-
cated vdW corrections have predicted higher adhe-
sion energy for the same interface (∼349 mJ/m2).15

On the basis of classical force field calculations, the
adhesion energy due to vdW interactions between
graphene and amorphous silica was found to vary
from 149 to 250 mJ/m2.16 In addition to the adhesion
energy, the strength and range of vdW interactions
have also been predicted, typically with higher
strengths (>100 MPa) and shorter ranges (<10 nm)
than the traction�separation relations that were
measured here.
Although the theoretical predictions of the adhesion

energy due to vdW interactions compare closely with
our measurements, the traction�separation relations
associated with the interactions between graphene
and silicon, which are more revealing, have not yet
been measured. In this paper, we report on the mea-
surement of the traction�separation relations asso-
ciated with the interactions between CVD grown
graphene and the native oxide layer (2 nm) on Si(111)
surfaces. The extent of these measured traction�
separation relations was limited by the 20 nm resolu-
tion in separation. They were supplemented by con-
tinuum analyses with traction�separation relations
thatmatched themeasured values beyond separations
of 20 nm and considered various strength distributions
at smaller separations.

RESULTS AND DISCUSSION

CVDgrowngraphenewas transferred to a silicon strip
(Figure S1, Supporting Information) and bonded to a
second silicon strip with an epoxy that was transpar-
ent to infrared. The resulting silicon/graphene/epoxy/
silicon laminates (Figure S3) were separated (Figure 1)
via wedge tests, which are reminiscent of Obreimoff's
classic cleavage experiments on mica.17 Here, the ex-
periments were conducted using a screw-driven wedge
that was inserted or withdrawn under displacement
control. The crack face separation was measured using
infrared crackopening interferometry (IR-COI). Details are
given in Supporting Information. The fringes (Figure 2)
obtained from infrared crack opening interferome-
try (IR-COI) indicate that the fracture surfaces were
smooth and flat enough to cause interference. This
suggests that delamination either occurred along the
graphene/silicon, graphene/epoxy or epoxy/silicon in-
terfaces or cohesively within the epoxy layer. Branch-
ing between some of these interfaces is also possible. A
combination of SEM, AFM and Raman spectroscopy
were applied to both fracture surfaces of each speci-
men in order to determine the fracture path.
The state of the surfaces of bare silicon and graphene

coated silicon were examined via AFM (Figure S7).

Figure 1. Infrared crack opening interferometry in the
fracture experiments.

Figure 2. Defining the crack front and crack face separation
from fringe patterns. An image of the fringe pattern asso-
ciated with the crack opening due to the insertion of a
wedge in the sandwich specimen. The original epoxy ter-
minus (red dashed line) and the new crack front (blue
dashed line) define the crack extension Δa.
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The RMS roughness of the bare silicon (Figure S7a)
following piranha treatment was 0.31 nm over 5 �
5 μm. Examples of the surface of the graphene follow-
ing transfer to the silicon exhibit wrinkles and trapped
copper residue (Figure S7b) and torn graphene that
had curled up (Figure S7d) as well as bubbles, which
tend to occur at the junction of wrinkles. The RMS
roughness in a number of regions are summarized in
Figures S7c,e. The overall RMS roughness of the 5 �
5 μm region in Figure S7c was 5.3 nm. When regions
containing copper residues were not included, the
RMS roughness ranged from 0.9 to 1.3 nm. For the
5 � 5 μm region in Figure S7e, the overall RMS rough-
ness was 4.9 nm and ranged from 0.5 to 2.1 nm in the
boxed regions.
Figure 3a is a schematic side view of a specimen

under wedge loading in which it was assumed that the
graphene/silicon interface delaminated, initiating near
the termination of the epoxy layer above and leaving
behind graphene on the lower silicon strip (designated
LSi) in the region where there was no epoxy on the
upper strip (USi). If this was indeed the case, then the
graphene that hadbeen transferred to the lower silicon
strip must have been transferred to the epoxy on the
upper silicon strip. The corresponding plan view of this
scenario is shown in Figure 3b, where the locations
examined later in Raman spectroscopy are identified
by seven red and four blue spots on USi and LSi,
respectively. Relatively low magnification SEM images
of the fracture surfaces of the upper and lower strips
are shown in Figure 3c. On the left part, thewavy epoxy
terminus on USi clearly identifies the boundary be-
tween graphene on the epoxy surface and bare silicon.
The darker region indicates that there was no charging
of the epoxy surface due to the presence of graphene.
The gray region corresponds to the bare silicon. The
image on the right in Figure 3c is of the surface of LSi,
where the boundary between graphene on silicon and
bare silicon is apparent but not as clearly as before. In
addition, straight line features indicate that the gra-
phene was scratched off the silicon by the wedge in
places. This is shown more clearly in AFM scans in
Figure S8a. The region enclosed by the orange box in
Figure 3c is magnified by 100� in Figure 3d, where the
boundary between silicon with and without graphene
is clearly visible. Furthermore, the dark lines on the
graphene correspond to wrinkles and the hexagonal
dark islands may be ad-layers of graphene. The
scratched region in the SEM image (Figure 3c) is shown
in an AFM scan in Figure S8a. The overall RMS rough-
ness over a 16 � 14 μm region that included the
scratches was 2.4 nm. If the scratches were excluded
then the RMS roughness was 0.9 nm, and if both
scratches and wrinkles were excluded, the RMS rough-
ness dropped to 0.3 nm. Thus, the range of RMS values
of graphene on silicon before and after delamination
was quite similar.

To confirm that the graphene was indeed removed
from the silicon, several spots were interrogated with
Raman spectroscopy. Each spot was separated by
approximately 1 mm (Figure 3b). The results for the
seven spots on the fracture surface of the upper strip
(USi) are shown in Figure 3e, where they are compared
with the background signal of a pure epoxy layer (the
Raman spectra for bare silicon and epoxy appear in
Figures S2 and S6, respectively). The seven spots all
contained the graphene 2D band at 2700 cm�1, while
the G bands of graphene were obscured by the back-
ground signal of the epoxy. Raman spectroscopy was
also conducted (Figure 3f) on the fracture surface of the
lower strip (LSi) at the four spots that were identified in
Figure 3b. The striking feature of all these spectra is that
there were no signs of the G band or the 2D band. As a
result, it can be concluded that graphenewas removed
from the lower silicon strip and successfully transferred
to the epoxy surface on the upper silicon strip.
In previous interfacial fracture experiments between

epoxy and silicon,18 AFM scans of the silicon and epoxy
fracture surfaces identified dense ligament formation
in regions where the epoxy had preferentially attached
to the silicon. Ridge formation has also been observed
in previous studies of glass/epoxy interfaces,19 reflect-
ing a particular mechanism of interfacial crack propa-
gation in these systems. Accordingly, as a control, a
wedge test was conducted on a silicon/epoxy/silicon
laminate with the IR transparent epoxy that was used
in this study. Evidence of ligament formation and
ridge formation on the epoxy surface was again
evident (Figure 3h), albeit with a much lower density
of ligaments.
The AFM scan of the fracture surface of USi is shown

in Figure 3g, where it can be seen that there was no
ligament or ridge formation at all. This was yet another
indication that the graphene had been transferred to
the epoxy. The occasional features that did appear on
the otherwise smooth graphene surface were bubbles
that were as high as 150 nm above the surrounding
surface. These bubbles may suggest that the graphene
was not completely attached to the epoxy, but further
study of this phenomenon is required. The overall RMS
roughness over a 7� 10 μm region removed from the
large bubbles was 9.7 nm. Smooth regions away from
bubbles had RMS roughness values ranging from 0.4 to
0.7 nm.
Figure 4 shows a typical set of responses to the

insertion of the wedge in three different samples. Each
of the crack lengths noted in the figure was measured
at the end of the 30-s interval for a given wedge
position. It can be seen that the responses were
originally linear as the wedge was inserted without
any crack growth. The responses became nonlinear as
the crack started to grow and soon achieved steady
state in the sense that the crack length remained the
same following each wedge insertion.
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A typical set of NCODprofilesmeasured by IR-COI for
the third specimen is shown in Figure 5. A number of
such profiles are shown as the wedge was inserted in
order to capture the initial opening of the crack faces

without growth, through initiation and subsequent
steady state growth.
Using intensitymeasurements provided very precise

measurements of the crack extension,Δa. As a result, it

Figure 3. Characterization of the fracture surfaces. (a) Edge view schematic of graphene delamination from the lower silicon
strip. (b) Plan view schematic of the fracture surfaces of both silicon strips after complete separation. (c) Low magnification
SEM image of the fracture surfaces of both silicon strips and (d) high magnification SEM image of the fracture surface of the
lower silicon strip. (e) Raman spectra of the fracture surface of the upper silicon strip at 7 different spots. (f) Raman spectra of
the fracture surface of the lower silicon strip at 4 different spots. (g) Microbubbles between graphene and epoxy on a 10 μm
by 10 μmAFM scan of the fracture surface of the upper silicon strip. (h) Epoxy ligaments on a 50 μmby 50 μmAFM scan of the
epoxy fracture surface of a silicon/epoxy/silicon specimen with no graphene.
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was possible to obtain high fidelity delamination resis-
tance curves (Figure 6) associated with the silicon/
graphene interactions. The results from the three differ-
ent specimens (test 1 and 2 in Figure 6a and test 3 in
Figure 6b) were quite consistent although specimen 3
exhibited a steeper increase in delamination resistance
prior to some “stick�slip” behavior, which suggests that
the adhesion between graphene and silicon may have
been slightly different in this case. For example, the
presence of trapped copper residue, and number cracks
and wrinkles (Figure S7b,d) in the graphene may differ
from sample to sample and manifest in the slight
differences noted here. Nonetheless, the results from
Raman spectroscopy did indicate that the graphenewas
amonolayer. In all cases, the J-integral (eq 1 in Methods)
grew steeply fromzero to between 100 to 180mJ/m2 for
small amounts of growth (<3 μm), below the uncertainty
in measurements of crack extension.20 The rate of

increase in the J-integral decreasedwith increasing crack
extension and eventually reached a plateau after crack
extensions of 0.7 to 2 mm. The J-integral at the plateau
was considered to be the steady state toughness Γss at
357 ( 16 mJ/m2, which was the average and standard
deviation of all peak values once the plateau had been
achieved in each specimen. This value is about 90mJ/m2

lower than previous results reported by Koenig et al.,7

but 120 mJ/m2 higher than the value reported in the
literature.8 It is not clear at this timewhether or not this is
a significant difference. However, in both reports,7,8 the
graphene was exfoliated from graphite and the silicon
oxide layer was approximately 300 nm thick grown on a
Si(100) surface. In this study, the CVD grown graphene
was wet-transferred from its copper seed layer to the
Si(111) with an approximately 2 nm-thick native oxide
layer with a root mean squared (RMS) roughness less
than0.5 nm (Figure S7a). In addition, theremay alsohave
been differences in the nature of any liquid trapped
between the graphene and silicon in each casewhen the
graphene was wet-transferred to silicon substrate.
In addition, the traction�separation relation associ-

ated with silicon/graphene interactions can be obtained

Figure 4. Variation of crack length with respect to wedge
insertion. The initially linear response indicates that the
crack was not growing as the wedge was inserted. Subse-
quent crack extension soon transitioned to steady state
growth where each wedge insertion step produced the
same amount of growth. Finite element solutions are shown
as TSR1 and TSR2 as simulations of both tests 1 and 2 and
test 3, respectively.

Figure 5. Crack face separation during crack opening and
growth. NCOD profiles obtained by IR-COI as a function of
crack length a as the wedge insertion progressed during
test 3. Finite element solutions are shown as TSR2 for two
steady state growth conditions.

Figure 6. Delamination resistance behavior for graphene/
silicon interactions. The resistance to fracture as repre-
sented by the J-integral initially rose steeply with small
amounts of crack extension Δa. The resistance to crack
growth eventually stabilized at the steady state toughness
Γss of thegraphene/silicon interface. (a) A comparison of the
resistance response with respect to data from tests 1 and
2 and afinite element solutionusing TSR 1. (b) A comparison
of the resistance response with respect to data from test
3 with a finite element solution using TSR 2.
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by measuring the development of the J-integral with
respect to δn

* . Such data is shown (Figure 7a) for the
same three samples. Similar to the resistance curves in
Figure 6, there was a very steep rise in the value of the
J-integral before the NCOD exceeded the resolution of
the IR-COI. Subsequently, the J-integral increased gra-
dually before reaching steady state.
The corresponding traction�separation relation

(Figure 7b) was determined by applying eq 3 (see
Methods) to the data in Figure 7a using a central dif-
ference scheme. In each case, the traction�separation
relations obtained in this way had very steep increases
to the maximum value of the traction that could be
measured given the resolution in NCOD. Note that this
was not necessarily the actual maximum strength σ0 of
the interaction at the associated separation δn

0 (insert
to Figure 7b). The tractions then decayed to zero at
δn
c , the critical separation for fracture. The area under the

traction�separation relation equals the steady state
toughness Γss (adhesion energy), while the strength
and range of the interactions are characterized by the
maximum strength (σ0) and the critical separation (δn

c),
respectively. The values of these parameters for each
experiment are recorded in Table 1. The critical NCOD
were the most difficult parameters to assign values to
because of the long tails of the distributions and the
levels of uncertainty in the measurements.
Looking at Figure 7b, it can be seen that the mea-

sured traction�separation relations obtained from the
first two samples were quite similar. The initial stiffness,
measured strength and the critical NCOD from the
third sample were all noticeably lower. From Table 1,
the measured strengths for samples 1 and 2 were
between 1.95 and 2.42 MPa at associated NCOD δn

0 of
19.84 and 25.9 nm. The values of δn

c were estimated to
be 820 and 530 nm, respectively for specimens 1 and 2.
While the value of the adhesion energy (366 and
377 mJ/m2) compares closely with predictions for vdW
interactions,15 the range of the interactions are much
longer than vdW. Hence, the present results challenge
the current understanding that vdW interactions are
the dominantmechanism for the adhesive interactions
between graphene and silicon. The interaction ranges
for electrostatic interactions between graphene and
silicon are in the nanometer range21 thereby ruling
them out as a potential mechanism for the interactions
measured here. A likely mechanism for the observed
long-range interactions may be capillary effects,
although the interaction range for capillary forces
due to water menisci is typically less than 5 nm22,23

on smooth surfaces. One factor that might explain the
noted differences is the roughness of the silicon sub-
strate and how well graphene can conform. The com-
bined effects of surface roughness and capillary forces
could in principle extend the interactions to longer
ranges but reduce themagnitude of tractions. The RMS
roughness of the Si(111) surface considered in this

study is less than 0.5 nm (Figure S7a), which is much
less than the range of RMS roughness (2.6 to 10.3 nm)
that was considered by DelRio et al.24 for vdW interac-
tions between polysilicon surfaces. Capillary effects
were also considered25,26 over the same range of
roughness. In both cases, the roughness effect brought
the interaction range into registration with the values
measured here. However, the adhesion energies were
much lower (∼μJ/m2) and no information on traction
levels was provided.

Figure 7. Essence of determining traction�separation rela-
tions for graphene/silicon interactions. (a) The variation of
the J-integral with respect to the normal crack tip opening
displacement δn

* is determined (the inset defines the cohe-
sive zone geometry and interactions). (b) The derivative of
this data yields the corresponding traction�separation re-
lation (the inset identifies the parameters listed in Table 1).
TSR1 and TSR2 are the traction�separation relations that
were used in the finite element analyses of tests 1 and 2 and
test 3, respectively.

TABLE 1. Summary of Parameters Associated with the

Measured Traction�Separation Relations for Each

Different Experiment

test 1 test 2 test 3 average

σ0
a (MPa) 1.951 2.415 1.4 1.922 ( 0.414

δn
0 (nm) 19.84 25.9 81.01 42.25 ( 33.7

δn
c (nm) 820 530 300 550 ( 260

Γss (mJ/m
2) 366 ( 4 377 ( 5 343 ( 8 357 ( 16

a Note that the values of σ0 listed here were the maximum strengths that could be
measured and were not necessarily the maximum strength of the interaction due to
the 20 nm resolution limit in the measured separations.
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In order to provide more insight into the strength of
the interactions at separations below the resolution of
the IR-COI a parametric study of potential traction�
separation relations was conducted using finite ele-
ment analysis (see Methods). Two traction�separation
relations (Table 2) were considered in the analysis. One
(TSR1) matched the measured traction�separation
relations from tests 1 and 2 while TSR2 correspond-
ed to the traction�separation relation from test 3.
While these traction�separation relations matched
the measurements in the range where they could be
measured (Figure 7b), they both continued the inter-
actions closer to zero separation. The maximum
strength for TSR1 was 24 MPa at 2 nm with R = 25
and a cutoff separation of 150 nm for an adhesion
energy of 357 mJ/m2. The corresponding parameters
for TSR2 were 8 MPa, 2, 5.5, 250 nm and 360 mJ/m2.
TSR1, which was constrained by eq 4, matched the
measured traction�separation relations quite well
from 20 to 70 nm but did not capture the long tail.
The fit between TSR2 and the data from test 3 was
excellent over the entire range of measurements. The
finite element solutions for the variation of crack
length with respect to wedge insertion (Figure 4),
crack opening displacements (Figure 5) and resis-
tance curves (Figure 6) were all compared with
measurements.
In Figure 4, it can be seen that the solution with TSR1

was in good agreement with the data from test 1, but
not test 2. This was because the adhesion energy of
357mJ/m2, which was selected for TRS1 as the average
of all steady state adhesion values, was close to the
adhesion energy that was measured in test 1. The
agreement between the solution for TSR2 and the data
from test 3 was excellent. It should also be noted that
the transition from no growth to steady state growth is
more gradual when the range of the interactions is
longer. The NCOD shown in Figure 5 were measured in
test 3. The finite element solutions using obtained TSR2
for steady state growth are compared with data when
the crack was 6.08 and 6.21 mm long. It can be seen
that the agreement was quite good. The solution for
the resistance curve with TSR1 (Figure 6a) initially rose
more steeply than the data but reached the steady
state adhesion that was measured in test 1 for the
reasons given earlier. The reason for the steeper rise

was that TRS1 did not capture the more gradual decay
of the measured traction�separation relations from
tests 1 and 2. This point is brought out very well in
Figure 6b, where the solution for TSR2 had a similar rise
as the data and reached the adhesion of 360 mJ/m2,
which corresponded to the peaks of the measured
stick�slip behavior.
If a vdW interaction with amaximum strength of 200

MPa and critical separation of 3 nm had been used as a
traction�separation relation in the finite element anal-
ysis, it is clear that it would not match any of the
measured portions of the traction�separation rela-
tions. Furthermore, the transition from no growth to
steady state growth (Figure 4) would have been very
abrupt (Figure S9). Capillary interactions have been
represented by a constant strength at 35 MPa for 5 nm
with an adhesion energy of 175 mJ/m2. While such an
interaction would still provide a sharp transition from
no growth to steady state growth for the reason given
above, the lower adhesion energy of capillary effects
would cause the crack to grow at much longer crack
lengths. The effect of either interaction on the NCOD
would not be visible at the scales shown in Figure 5.
The effect of longer interaction ranges is also apparent
in the resistance curves (Figure 6 and S9). For example,
the longer interaction range of TSR2 resulted in a more
gradual rise in the J-integral prior to steady state
growth. If a longer interaction range could have been
incorporated in TSR1, it would have matched the more
gradual rise in the J-integral prior to steady state
growth that is apparent in the data. These observations
support the claim that neither van der Waals nor
capillary interactions were at play here.
The roughness of the graphene on silicon ranged

from 0.4 to 5 nm due to defects such as wrinkles,
trapped copper residues and torn graphene. This
affected the shape of the rising portion of the resis-
tance curves (Figure 6), the steady state toughness and
the traction�separation relations. As a result, the long-
range interactions that have been observed in this
study are most likely reflections of the effect of rough-
ness, which sets the stage for future investigations.

CONCLUSIONS

A fracturemechanics approachwas developed to de-
termine the adhesion energy and traction�separation
relations associatedwith the interactions betweenCVD
grown graphene and silicon to which the graphene
had been transferred using a wet transfer process. By
bonding a second strip to the graphene surfacewith an
epoxy and then peeling the silicon strips apart in a
wedge test, interfacial crack growth between gra-
phene and silicon was observed and analyzed. The
crack length and NCOD were measured as a function
of wedge insertion using IR-COI. This data was then
coupled with fracture mechanics analyses to extract
the adhesion energy, delamination resistance behavior

TABLE 2. Summary of Parameters Associated with the

Traction�Separation Relations for Finite Element

Simulations

TSR1 TSR2

σ0 (MPa) 24 8
δn
0 (nm) 2 2

δn
c (nm) 150 250

R 25 5.5
Γss (mJ/m

2) 358 360
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and traction�separation relations associated with in-
teractions between graphene and silicon.
The adhesion energy of 357( 16mJ/m2 obtained in

the present studywas bounded by previously reported
values for exfoliated graphene flakes, suggesting that
the process of wet transferring polycrystalline CVD
grown graphene on Si(111) over relatively large areas
has no adverse effects. Furthermore, it was in reason-
able agreement with theoretical predictions for vdW
forces between graphene and silicon, but probably for
the wrong reasons. The range of interactions was
beyond those usually attributed to retarded vdW
interactions. The maximum strength that could be
measured was most likely lower than the actual one

because the resolution in the measurement of sepa-
ration was not sufficient to capture it. This was
brought out in subsequent continuum analyses with
traction�separation relations which captured the
measured interactions and extended them to smaller
separations and higher tractions. The combinations of
experiments and analysis described here should pro-
vide a basis for subsequent models of the nature of
graphene/silicon over relatively large spatial dimen-
sions. Such developments will have to account for
the effects roughness and humidity on long-range
interactions. The approach developed here can be
extended to other two-dimensional materials and
substrates.

METHODS
Details are provided of the experimental procedures and

analysis that were used to obtain the results just presented.
Experiment. Following CVD growth of graphene on copper

foils,1 monolayer graphene was wet-transferred from the seed
copper foil to silicon strips (Figure S1).4,27,28 Its presence was
verified by the existence of G and 2D bands in the Raman spectra
(FigureS2). A second silicon stripwas bonded to the free surface of
the graphene using an epoxy thatwas transparent to infrared. The
resulting silicon/graphene/epoxy/silicon laminates (Figure S3)
were separated viawedge tests, which are reminiscent of Obreim-
off's classic cleavage experiments on mica.17 Here, the experi-
ments were conducted using a screw-driven wedge that was
inserted or withdrawn under displacement control as shown
schematically in Figure 1. The left end of the specimen was
clamped in order to provide a vertical reference state for easier
focusingof the IRmicroscopeand to react theaxial loadappliedby
the wedge. The thickness of the silicon strips and epoxy were
h and he, respectively. The wedge, with a thickness hw, was
inserted from the right end by a displacement uw, which was
applied in 0.1 mm loading steps using a micrometer drive. The
initial crack length a0 was measured from the epoxy terminus to
the shoulder of thewedge. Subsequent crack extensionΔadue to
wedge insertion was measured from the IR fringe patterns
(Figure 2). At any particular time, the measured crack length was
obtained from a = a0 þ Δa � uw.

The initial crack in Figure 2 was produced by the limited
spreading (∼75%) of the epoxy along the silicon strip, resulting
in essentially blunt cracks with sometimes irregular fronts (red
dashed line) at the termination of the epoxy. As a result, it was
necessary to insert the wedge until a small amount of growth,
Δa, occurred (Figure 2). It was then withdrawn, leaving a sharp
crack with a more regular crack front (blue dashed line), which
was taken to be the redefined initial crack length a0.

To begin an experiment, the wedge was reinserted with
0.1mmstepsbeing applied in10 s followedbyahold timeof 20 s.
During this 30-s period, interference data near the crack front
were recorded every second using the time-lapse feature of the
IR camera. Intensity profiles along a line perpendicular to the
crack front were extracted from the interference fringes using
image processing software. This data was then used to deter-
mine the separation of the crack faces (eqs S4�S7) in the
Supporting Information), commonly referred to as the normal
crack opening displacements (NCOD). The extracted NCOD
profiles and crack front locations were then synchronized with
the wedge insertion data. Following each wedge test, the
fracture surfaces were carefully analyzed via SEM, AFM and
Raman spectroscopy. This allowed the fracture path to be
associated with the measured adhesion energy and traction�
separation relations for the delaminated interface.

Analysis. To evaluate the adhesion energy or the fracture
toughness of the graphene/silicon interface, we calculated the

J-integral, which is a measure of the energy available for
separation. On the basis of simple elastic beam theory, the
J-integral under wedge loading is

J ¼ 3ESih3(hw � he)
2

16a4
(1)

where ESi is the in-plane Young's modulus (169 GPa) for Si(111).
In the experiments that were conducted here, the crack lengths
were such that a . 20h, which is sufficient for simple beam
theory and transverse shear effects could be neglected.29

Thus, bymeasuring the crack length at any particular wedge
insertion, eq 1 allows the J-integral to be determined as a
function of crack extension in order to obtain the delamination
resistance curve for the silicon/graphene interface. Further-
more, from the NCOD measurements, the J-integral can also
be tracked as a function of the normal crack tip opening
displacement, δn

* , which is the NCOD at the initial crack front
(see inset to Figure 7a). Such data can be used to extract the
traction�separation relation for a particular interface.29,20,30�32

To summarize the approach, we make use of the fact that
the J-integral can also be determined from a local contour
surrounding the cohesive zone (Figure 7a insert),

J ¼
Z δ�n

0
σ(δn) dδn (2)

where σ is the normal traction acting on the crack faces within
the cohesive zone and σ (δn) is the normal traction�separation
relation that is to be determined. Taking the derivative of eq 2
with respect to δn

* leads to

σ(δn) ¼ dJ
dδ�n

(3)

Since the J-integral is path independent, its value can be
obtained from eq 1 and tracked as a function of δn

* , thereby
allowing the derivative in eq 3 to be taken in order to extract the
corresponding traction�separation relation.

In order to provide some insight into the portion of the
traction�separation relations that could not be measured by
the procedure just described due to the 20 nm-resolution in
crack face separation, a series of finite element analyses were
conducted using the commercial code ABAQUS. The linearly
elastic behavior of the silicon was accounted using the in-plane
Young'smodulus for Si(111) given above and a Poisson's ratio of
0.2. The linearly elastic behavior of the epoxy was initially
accounted for with a modulus of 3 GPa and a Poisson's ratio
0.4. However, the computation times were extremely long and
convergence was often difficult, and resulting separations were
within 5.6% difference of calculations that ignored the presence
of the epoxy. The results that are presented here were obtained
from solutions that neglected the epoxy layer. The analyses also
accounted for interactions between the graphene and silicon
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through traction�separation relations (insert Figure 7b) that
had the form

σ ¼ KnδnH(δ
0
n � δn)þσ0 1 � 1

1 � e�R

� �

þ σ0

1 � e�R e
�R(

δn � δ0n
δcn � δ0n

)
H(δn � δ0n) (4)

where δn is the separation of the crack surfaces at any location,
Kn governs the elastic portion of the interaction, the parameter
R governs the decay of the interaction and H is the Heaviside
step function. This form is the so-called exponential decay
traction�separation relation, which was the best of two options
available in ABAQUS.
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