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D
ry transfer of graphene has been an

integral part of its history from the

earliest days when scotch tape was

first used to exfoliate graphene from

graphite.1 This approach produces relatively

small flakes with single or multiple layers.

Chemical vapor deposition of graphene on

thin (∼35 μm) large area copper foils,2�4

and relatedmetal foils such as commercially

available Cu�Ni foils,5 produces large area

graphene, up to meters in the in-plane

dimension.6 Graphene has also been grown

on copper film (∼1 μm thick)7 that has been

deposited on silicon wafers.

No matter which approach to the deposi-

tion of large area graphene is taken, the

same problem remains: transferring the

graphene to its destination substrate for

themyriad of applications that are currently

being considered. Some applications may

require intermediate carrier films to be

used, so several contact and separation

events can be expected. In most cases, the

adhesive interactions that are involved in

contact and separation are assumed to be

van der Waals in nature, but the details

could vary significantly depending on the

contact pair and environmental effects.8

The strongest interactions may be between

graphene and its seed metal; interactions

between graphene and target substrates

are expected to be weaker but may be

modified by surface functionalization. The

effort that is featured here relates to the

most challenging interface at this stage in

our development; removing graphene from

its seed copper foil, which is an attractive

substrate for roll-to-roll nanomanufacturing

processes. Doubts about being able to

meet this dry transfer challenge have led
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ABSTRACT A very fast, dry transfer process based on mechanical delamination

successfully effected the transfer of large-area, CVD grown graphene on copper foil to

silicon. This has been achieved by bonding silicon backing layers to both sides of the

graphene-coated copper foil with epoxy and applying a suitably high separation rate to the

backing layers. At the highest separation rate considered (254.0 μm/s), monolayer

graphene was completely transferred from the copper foil to the target silicon substrate.

On the other hand, the lowest rate (25.4 μm/s) caused the epoxy to be completely

separated from the graphene. Fracture mechanics analyses were used to determine the

adhesion energy between graphene and its seed copper foil (6.0 J/m2) and between

graphene and the epoxy (3.4 J/m2) at the respective loading rates. Control experiments for

the epoxy/silicon interface established a rate dependent adhesion, which supports the

hypothesis that the adhesion of the graphene/epoxy interface was higher than that of the graphene/copper interface at the higher separation rate, thereby

providing a controllable mechanism for selective transfer of graphene in future nanofabrication systems such as roll-to-roll transfer.

KEYWORDS: graphene . copper . epoxy . mechanical transfer . selective transfer . adhesion energy . traction-separation relations .

rate effects
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to so-called “wet transfer”where the seed copper foil is

etched away9 or an electrochemical process10 that

generates bubbles at the graphene/copper foil inter-

face and separates the graphene from the foil. Yoon

et al.11 were the first to demonstrate that graphene

could be mechanically separated from its seed copper

layer. In that work, the copper film had been deposited

on silicon oxide prior to CVD of graphene. A second

silicon strip was bonded to the graphene with an

epoxy. The two silicon strips were peeled apart and,

for applied displacement rates above 5.0 μm/s, it

was shown that delamination occurred along the

graphene/seed copper interface, transferring a gra-

phene monolayer onto the epoxy.

In this work, we demonstrate, for the first time, how

graphene can bemechanically separated from its seed

copper foil and dry transferred to a target substrate. By

sandwiching the graphene-coated copper foil be-

tween two silicon strips and separating the assembly

over a wide range of peeling rates, we have been able

to establish that it is possible to control when the

graphene/copper or the graphene/epoxy interface

delaminates. The latter is useful when contemplating

subsequent transfer steps where the graphene might

need to be removed from the polymer backing layer.

These demonstrations are supplemented by measure-

ments of the strength and range of the interactions

associated with each interface as well as the adhesion

energy.

RESULTS AND DISCUSSION

Graphene/Copper Delamination. Graphene-coated cop-

per foils2 were sandwiched between silicon strips with

an epoxy as the adhesive. The ends of the upper and

lower silicon strips were separated (Figure 1a) under

displacement control with rates ranging from 25.4 to

254.0 μm/s. As the stitched image in Figure 1b indi-

cates, it was possible to obtain clean transfer of gra-

phene over a 16 � 5 mm2 region starting from the

epoxy terminus, when the applied displacement rate

was 254.0 μm/s. A more detailed view of the contrast

that graphene provides is shown in Figure 1c at the

epoxy terminus. The dark region is indicative of gra-

phene on epoxy, while the gray region is the lower

surface of the upper silicon strip that did not have any

epoxy and consequently no graphene on it. An even

highermagnification view of the corresponding region

on the surface of the copper foil (Figure 1d) reveals that

graphene also provided contrast on copper. The

mainly lighter region in the top portion of the figure

is where the graphene was removed from the copper;

some groups of lines corresponding to steps on the

surface of the copper foil can be seen here. Note that

some graphene (darker islands) was not removed from

the copper, mainly near the epoxy terminus. On the

other hand, the mainly darker region in the lower half,

corresponding to the region where no epoxy had

contacted the upper silicon strip or the graphene

on the foil, shows that the graphene coverage was

uniform in this region. The straight line features are

wrinkles in the graphene and the small darker regions

are ad-layers where additional graphene islands were

grown on the monolayer graphene during growth.

A more detailed view of the graphene-coated sur-

face of the epoxy is presented in Figure 2a. The steps

and wrinkles that were observed on the bare copper

surface were replicated by the relatively low viscosity

epoxy. In addition, there were holes in the graphene

which exposed bare epoxy as islands and led to local

charging effects. The distribution of holes in the gra-

phene was bimodal, with larger holes mainly within

regions surrounded by wrinkles and much smaller

ones along the wrinkles. The larger holes in the gra-

phene appear to have occurred during the transfer

process as also indicated by the graphene patches left

behind on the copper fracture surface (Figure 1d). On

other hand, the smaller holes in the graphene along

the wrinkles may correspond to defects caused

by wrinkling during growth. The initial state of the

graphene on copper foil following deposition is cap-

tured in Figure 2b-c. The grain boundaries of the

copper and steps within the copper grains are clearly

visible (Figure 2b). Wrinkles in the graphene following

growth are again present and are accompanied by

small dark spots along the wrinkles. Experience has

shown that these spots are copper oxide that is formed

by oxygen passing through very small defects induced

by thewrinkles and oxidizing the bare copper beneath.

Nonetheless, the coverage of the copper by the gra-

phene was quite complete. There were no grain

boundaries present in Figure 2c, because the image

was taken inside a large copper grain. However, some

defects that were larger than the copper oxide spots

appeared at some locations near the wrinkles. The

conclusion from these images is that graphene was

well-transferred to the epoxy, with a slightly higher

defect count, particularly within regions surrounded by

wrinkles. Nonetheless, as will be borne out later by

Raman maps and electrical resistance measurements,

these defects did not impair the overall quality of the

graphene.

On the basis of the SEMmicrographs just described,

the fracture path at an applied displacement rate of

254.0 μm/s is shown schematically in Figure 3a. The

stress concentration provided by the bimaterial corner

between the epoxy terminus and the graphene

(Supporting Information Figure S2) caused a crack to

penetrate the graphene and then grow along the

graphene/copper interface. The corresponding load�

displacement response is shown in Figure 3b, where

the first peak and load drop correspond to the initia-

tion and growth of a fast crack from the bimaterial

corner. The specimen was then unloaded, thereby

arresting the crack and providing a sharp crack for
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the subsequent reloading. This time, the onset of crack

growth was followed by slower, more stable growth

which transitioned to fast cracking prior to the next

unloading for cycle 3, where the sequence was

repeated.

While SEM micrographs of the graphene coated

epoxy surface are indeed useful for determining the

areal extent of graphene transfer, Raman spectroscopy

(Figure 3c) is required for determining the quality of

the transferred graphene. Thirteen spots on approxi-

mately 1 mm centers along the graphene-coated

epoxy surface were probed. All the Raman spectra

exhibited G and 2D peaks at approximately 1600 and

2700 cm�1, respectively. The peak at approximately

1600 cm�1wasmade up of two peaks as can be seen in

the decomposed spectrum (Supporting Information

Figure S5): the G peak for graphene at 1587 cm�1

and a major peak at 1605 cm�1 from the epoxy.8 The

graphene spectrum also exhibited the 2D peak at

2691 cm�1, thereby verifying the presence of the

graphene on the epoxy. While the average intensity

ratio I2D/IG was 1.89, indicating that monolayer gra-

phene had indeed been grown on the copper foil, the

average value of the intensity ratio I2D/IG for graphene

in the decomposed spectrum was 1.3. Note the slight

shifts in the G and 2D peaks on the epoxy and copper;

taking the latter as a reference, it is possible that the

shift that occurred upon transferring the graphene to

the epoxy was due to residual stresses and substrate

effects.12,13 There was a D band peak at 1353 cm�I for

Figure 1. Schematics of the cross section of the specimen and experimental configuration are presented alongwith low- and
high-resolution SEM images of the fracture surfaces. (a) Cross section and a specimenunder load. The crack length a is defined
as the distance from the crack front to the loading point. (b) Low-resolution, stitched SEM images of graphene transferred to
the epoxy. (c) High-resolution SEM image of epoxy on silicon near the epoxy terminus after graphene transfer. (d) High-
resolution SEM of copper foil near the epoxy terminus after transfer.
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the 12th spot, which indicates that there was some

damage to the graphene at this location. A set of 8

Raman spectra were obtained from the opposite frac-

ture surface. The first five had noGor 2Dpeaks, thereby

confirming that the graphene had indeed been

removed from that portion of the copper foil. The spots

marked 6, 7, and 8 had G and 2D peaks at 1580 and

2709 cm�1, respectively, as they probed that part of the

copper foil which had not been covered by epoxy. The

point wise spectra were augmented by a series of

Raman maps, which have been presented in detail in

Section 12 of Supporting Information. These confirmed

the conclusions obtained by SEM and point wise

Raman spectra. As a final measure of the effective

transfer of graphene from the seed copper to the

epoxy, the sheet resistance of the graphene was

measured using the transfer length method (TLM).

Details are provided in Section 14 of Supporting

Information. The sheet resistance was 863.6 Ω/0. The

sheet resistance was at the lower end of the range for

graphene that had been transferred to PMMA using a

conventional wet transfer process.14

To our knowledge, this is the first time that large

area, CVD grown graphene has been mechanically

removed from its seed-copper foil and dry transferred

to another substrate. Compared to wet transfer, the

potential for speeding up graphene transfer in nano-

manufacturing processes such as roll-to-roll transfer

by such a mechanical approach is clear. An additional

advantage is that the copper foil can potentially be

recovered and recycled in the same roll-to-roll

process.11

Graphene/Epoxy Delamination. At an applied displace-

ment rate of 25.4 μm/s, the picture was quite different;

the crack grew at the graphene/epoxy interface.

As indicated in the schematic (Figure 4a), the crack

initiated at the bimaterial corner (Supporting Informa-

tion Figure S2) and propagated along the graphene/

epoxy interface without ever breaking the graphene

monolayer itself. The corresponding load�displacement

response is shown in Figure 4b. Only one loading cycle

was applied, but there were clear signs of slow crack

growth prior to the peak load, at which point the crack

growth became faster with some indications of stick�

slip behavior. There was no 2D peak in any of the

10 Raman spectra (Figure 4c) that were taken on the

epoxy side of the fracture surface. They all had peaks

near 1605 cm�1, but these are attributable to the epoxy

itself.8 Raman maps were also obtained of the epoxy

fracture surface as described in Section 13 of the

Supporting Information. They confirmed the conclu-

sions from the point wise spectra. However, both G and

2D peaks were present at 1590 and 2710 cm�1, respec-

tively, in the 9 Raman spectra thatwere taken at a series

of spots on the graphene-coated copper foil. The

average value of the intensity ratio I2D/IG from the

9 spectra was 2.4, again indicating that monolayer

graphene was present before and after delamination

between the graphene and epoxy. The peaks were

Figure 2. High-resolution SEM images of graphene trans-
ferred to epoxy and on copper following growth. (a) Follow-
ing transfer, steps, ad-layers, wrinkles, and epoxy islands or
holes in the graphene can be seen on the epoxy fracture
surface. Before transfer, (b) graphenewrinkles, copper oxide,
grain boundaries and steps can be seen on the copper.
(c) Another region contains notable defects (most likely
holes) in addition to graphene wrinkles and copper steps.
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slightly shifted from those obtained from as-grown

graphene on copper foil (Figure 4d), again suggesting a

residual stress in the graphene after delamination. This

might have been due to plastic deformation in the

copper foil as the crack front passed by a particular

location, leaving behind residual strain in a plastic

wake partly or entirely through the thickness of the

copper foil. It is also possible that the orientation of

copper grains and strains on graphene shifts Raman

peaks.15�17 However, no such shifts were observed in

Raman spectra that were obtained from graphene that

had just been deposited on copper foil.

Figure 3. Results of experiments at an applied separation rate of 254.0 μm/s. (a) A schematic of delamination along the
graphene/copper interface. (b) Force�displacement response of three experiments and associated simulations. (c) Raman
spectra of graphene transferred on epoxy and pure epoxy. (d) Raman spectra of copper foil after mechanical transfer; the
series of spots from1 to 5 shows no graphenebecause it was transferred to the epoxy,while spots 6 to 8 indicate the presence
of graphene in the pre crack region where there was no epoxy.
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Intermediate Cases. The two scenarios presented so

far were from applied displacement rates of 254.0 and

25.4 μm/s. As indicated in Table 1, 35 experimentswere

conducted at the higher rate while 6 were conducted

at the lower rate. Experiments were also conducted at

intermediate rates of 42.3, 84.6, 127.0, and 169.3 μm/s.

These resulted in varying degrees of graphene transfer,

with increasingly larger regions of graphene being

transferred to the epoxy as the applied displace-

ment rate was increased. This is demonstrated in

Figure 5b�d, where SEM images of the fracture sur-

faces from experiments that were conducted at 42.3,

84.6, and 169.3 μm/s, respectively, are presented. At

the lowest rate, three regions from the upper fracture

surface are identified: bare silicon, graphene on epoxy

and bare epoxy. The boundary between the bare

Figure 4. Results of experiments at an applied separation rate of 25.4 μm/s. (a) A schematic of delamination along the
graphene/epoxy interface. (b) Force�displacement response of an experiment and associated simulations. (c) Raman spectra
of ten spots on the epoxy with no graphene on it. (d) Raman spectra of copper foil after separation; the series of spots from
1 to 9 confirm the presence of graphene because it was not transferred to the epoxy.
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silicon and graphene on epoxy is the epoxy terminus

so there was indeed no graphene on the bare silicon.

The contrast between the graphene/epoxy and bare

epoxy regions above the terminus is clear, with the lack

of charging due to the presence of graphene leading to

the darker region. This is borne out by the Raman

spectra from spots identified as G1 and E1 in Figure 5a.

The spectrum from G1 had the G and 2D peaks with an

average value of I2D/IG = 1.1 for graphene, confirming

the presence of graphene on epoxy and delamination

at the graphene/copper interface. The spectrum from

E1 only had the epoxy peak at 1605 cm�1; thus in this

region the delamination occurred at the graphene/

epoxy interface. At 42.3 μm/s, the patches of graphene

on epoxy and bare epoxy were both about 3� 3 mm2.

The situation at 84.6 μm/s (Figure 4c) was quite similar;

the same three regions can be identified in the SEM

image, the Raman spectra at the spots G2 and E2 had

the same features as those obtained at G1 and E1, and

the patches of graphene on epoxy and bare epoxy are

about the same size at 3 � 3 mm2. At 169.3 μm/s,

except for a very small patch of bare epoxy, it was a

clean transfer of graphene to epoxy over the full width

of the silicon strip and up to 5.4 mm from the epoxy

terminus. The Raman spectra from the spots confirmed

the presence of graphene on epoxy with and average

value of I2D/IG = 1.1.

Two other modes of delamination were observed

(Supporting Information Figure S3) in addition to

purely graphene/copper (case 1) and graphene/epoxy

(case 2) delamination. These involved delamination at

both the upper and lower graphene monolayers and

are designated cases 3�1 and 3�2 in Supporting

Information Figure S3. In the former case, the graphene

delaminated from the upper epoxy terminus along the

upper graphene/epoxy interface, but this excited an

internal delamination at the lower graphene/copper

interface, which propagated for a short distance before

being overtaken by the delamination at the upper

graphene/epoxy interface, at which point the lower

delamination arrested. This sequence of events

resulted in one and sometimes more copper blisters

on the lower silicon strip and, although there was

evidence of delamination at the copper/graphene

interface, delamination mainly occurred at the

graphene/epoxy interface (Supporting Information

Figure S3d). In case 3�2, the progression was the

same except that the delamination of the lower inter-

face never arrested and outran the delamination at

the upper interface. In this case, graphene/epoxy

delamination was dominant (Supporting Information

Figure S3e) with smaller regions of graphene/copper

delamination.

Adhesive Interactions. Themeasured load�displacement

responses associated with delamination along the

graphene/copper (Figure 3b) and graphene/epoxy

(Figure 4b) interfaces were used to determine the adhe-

sion energy as well as the strength and range of the

TABLE 1. A Summary of the Fracture Modes and Occurrence at Each Loading Rate (G = Graphene)

loading rate 25.4 μm/s 42.3 μm/s 84.6 μm/s 127 μm/s 169.3 μm/s 254 μm/s

Main Fracture Path Epoxy/G Mixed Mixed Mixed G/Cu foil G/Cu foil

Total Samples 6 1 1 1 4 35

Continuity of graphene film 0.5 � 4 cm (G on Cu foil) 0.5 � 0.6 cm (G on epoxy) 0.5 � 1.6 cm (G on epoxy)

Frequency of mode 1 1 1 4 23

2 1 1

3�1 4 4

3�2 1 8

Figure 5. Raman spectra and low-resolution SEM images
were prepared to track the transfer of graphene at inter-
mediate loading rates. (a) Raman spectra of the epoxy
fracture surface following experiments at 42.3, 84.6, and
169.3 μm/s. (b) Low-resolution SEM image of the epoxy
fracture surface following an experiment at 42.3 μm/swhich
shows small patches of graphene transferred to the epoxy.
(c) Low-resolution SEM image of the epoxy fracture surface
following experiments at 84.6 μm/s which again shows
small patches of graphene. (d) More continuous transfer
of graphene (5� 5.4 mm) was achieved at a loading rate of
169.3 μm/s.
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interactions associated with each interface. The adhesion

energy was first obtained from fracture mechanics

concepts18 using a simple beam analysis to determine

the elastic energy available to separate the interfaces of

interest. The slope of the rising portion of the load�

displacement response was predicted by simple beam

theory (seeSupporting InformationeqS1 inSection8) and

matched the data in the first and subsequent load-unload

cycles (Figure 3b) using themeasured crack length in each

case and the other specimen dimensions and the Young's

modulus of the silicon strips. The descending portion of

the load�displacement response corresponds to the

initiation and growth of the delamination along the

graphene/copper interface and is governed in the sim-

plest case by the adhesion energy Γss and Supporting

Information eq S3. Values of 5 and 7 J/m2 bounded the

measured response in this regime.

These adhesion energy levels are much higher than

the value 720( 70mJ/m2measured by Yoon et al.11 for

the graphene/copper film interface. They are also

higher than value 1.8 J/m2 for an epoxy/silicon inter-

face measured at very low separation rates,19 but

lower than the fracture toughness of graphene itself

at 15.9 J/m2.20 In separate control experiments (see

Supporting Information Section 10) on silicon/epoxy/

silicon sandwich specimens, the adhesion energy of

the epoxy/silicon interface was 7.5 ( 0.2 and 11.1 (

0.1 J/m2 at loading rates of 84.6 and 254.0 μm/s,

respectively. These values are higher than the bound

of 5�7 J/m2 at 254.0 μm/s for the graphene/copper foil

interface, thereby explaining why delamination at the

silicon/epoxy interface never occurred. The result also

suggests that, at 254.0 μm/s, the graphene/epoxy inter-

face had higher adhesion energy. The question then

arises as to why the adhesion energy is so high. One

possibility is that the copper foil and the epoxy were

yielding with attendant energy dissipation during de-

lamination growth, thereby adding to the intrinsic

adhesion energy of the graphene/copper interface.21,22

To address this question, we conducted a series

of finite element analyses that accounted for the

elastic-plastic behavior of the epoxy and copper foil

(Supporting Information Section 9). The conclusion of

this exercise was that the intrinsic toughness of the

graphene/copper interface was 6.0 J/m2 and that

plastic dissipation in the copper was less than 10%.

The strength of the graphene/copper interaction as a

function of separation was represented by a trac-

tion�separation relation23 which had a maximum

strength of 0.5 MPa and an interaction range of

24.0 μm. This was able to capture the more gradual

onset of delamination growth that was observed in the

experiments, particularly in cycles 2 and 3 in Figure 3b.

A similar set of analyses were conducted (see Sup-

porting Information Section 8) with a view to modeling

the load�displacement response of the experiment

conducted at 25.4 μm/s. The traction�separation

relation of the graphene/epoxy interface was repre-

sented by an intrinsic adhesion energy of 3.4 J/m2, a

maximum strength of 0.5 MPa and interaction range of

13.6 μm (Tables 2 and 3), and again determined that

plastic dissipation was minimal.

Rate Dependence. Thus, at an applied displacement

rate of 25.4 μm/s, the strength and adhesion energy of

the graphene/epoxy interface fell below those of the

graphene/copper interface and delamination along

the former interface was favored. This suggests that

at least one of the interactions is rate dependent and/

or the viscoelastic nature of the epoxy is contributing

to the observed overall rate dependence. The rate

dependence of the adhesion energy of contact pairs

has already been exploited for selective separation in

transfer printing.24,25Given that the experiments in the

present study were conducted at room temperature,

well below the glass transition (100 �C) of this epoxy

and the local strain rates near the delamination front

are higher than the far field value, thereby shifting the

epoxy even further into the glassy domain, it is unlikely

that bulk viscoelastic effects were at play near the

delamination front. It is also unlikely that the interac-

tions between graphene and copper foil are rate

dependent, at least in the quasi static regime being

considered here. Accordingly, the noted switch in

delamination from the graphene/copper foil interface

to the graphene/epoxy interface may be attributed to

rate dependence of the latter. This could be due to the

manner in which the epoxy cures near graphene,

leaving a thin region often known as the interphase,26

whose properties differ from those of the bulk epoxy.

Prior to curing, the viscosity of the epoxy is low, so

that it follows the morphology of the graphene grown

on the copper foil. This leads to the possibility that

surface roughness, in conjunction with an interphase

layer, could contribute to the rate dependence of the

TABLE 2. Material Properties and Geometry of Each

Component

Young's modulus

(GPa)

Poisson's

ratio

yield strength

(MPa)

thickness

(μm)

size

(cm � cm)

Silicon 169 0.2 N/A 291 ( 5 0.5 � 4

Epoxy 3.0 ( 0.02 0.4 41.8 ( 2.9

Graphene ∼1000 0.5 � 4

Cu foil 110 0.33 23.3 ( 3.5 31.8 ( 4.8 0.5 � 4

TABLE 3. Values of the Parameters Associated with the

Traction�Separation Relations (Supporting Information

Figure S8) That Were Extracted by Simulation

interaction pair TSR Γss (J/m
2) σ0 (MPa) δ

n

0 (μm) δ
n

c (μm)

Graphene/Cu 1 6 3 0.03 4

2 0.5 0.005 24

Graphene/epoxy 1 3.4 1 0.01 6.8

2 0.5 0.005 13.6
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interaction between graphene and epoxy. The rough-

ness of the graphene on copper foil after deposition

(Figure 6a), bare copper foil (Figure 6b) and graphene on

epoxy (Figure 6c) after separation along the graphene/

copper interface and bare epoxy (Figure 6d) after sep-

aration along the graphene/epoxy interface were mea-

sured by atomic force microscopy (AFM). These images

all display step-like features, which appear to have very

similar wavelengths (0.7 μm) and peak to valley heights

of about 25 nm (Figure 6e), confirming that both the

graphene and epoxy conformed to the surface of the

copper foil. These features might be viewed as atomic

steps in the copper foil, but the peak to peakvariations in

surface morphology would be much smaller than the

25 nm observed here, leading to the conclusion that the

step-like features were formed at the high temperatures

encountered in the CVD process.

Roughness effects may also help reconcile the

difference in the 720 ( 70 mJ/m2 adhesion energy

of the graphene/copper film interface measured by

Yoon et al.11 and the 6.0 J/m2 measured here for the

graphene/copper foil interface. The grains of the cop-

per films were about 10 μm in lateral dimension, much

smaller than those of the copper foil, and the overall

root-mean-squared (RMS) roughness was on the order

of 20 nm.27 Because the copper film was deposited on

silicon, this is the only roughness scale. The RMS

roughness of the step-like features of the copper foils

(Figure 6 and Supporting Information Figure S6e,f) was

about 10 nm but there were other features such as

scratches (Supporting Information Figure S6c,d)

produced during rolling of the foil and undulations

associated with rumples in the foil that were produced

by folding of the foil around the quartz cylinder and the

spring back from subsequent attempts to straighten it

out (Supporting Information Figure S1a). The RMS

roughness of the scratches was about 140 nm over a

50 � 70 μm region, while the RMS roughness of the

undulations was about 775.9 ( 186 nm over a square

millimeter. The graphene and epoxy were able to

Figure 6. AFM scans prior to and following transfer of graphene. (a) The initial state of graphene on copper foil following
deposition. The RMS roughness was 11.4 nm. (b) Copper without graphene after transfer had an RMS roughness of 12.3 nm.
(c) The RMS roughness of the graphene-coated epoxy surfacewas 7.35 nm. (d) The RMS roughness of epoxywithout graphene
was 11.3 nm. (e) Profiles indicate that the wavelength of the surface roughness was quite similar in all cases.
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conform to all these varied angular features, meaning

that delamination along the graphene/copper foil

interface had to followmore complex paths compared

to the simpler path for the copper film. Such a range of

angularity introduces local variations in fracture mode-

mix and greater chances of interlocking of delamina-

tion surfaces which could conceivably result in higher

adhesion energies.

CONCLUSIONS

It has been demonstrated that it is possible to

mechanically separate CVD grown graphene from its

copper foil seed layer by bonding the graphene-coated

copper foil to silicon strips with an epoxy and then

separating the silicon strips in a double cantilever

beam configuration at a high enough applied separa-

tion rate. For the conditions employed in this study,

this had to be equal to or greater than 254.0 μm/s.

When the applied displacement rate was an order of

magnitude lower, the graphene/epoxy interface de-

laminated. At intermediate rates, there was a mixture

of the two modes. The delamination paths in all the

experiments were diagnosed via a combination of

Raman spectroscopy, scanning electron microscopy

and atomic force microscopy.

This result has very important implications for nano

manufacturing processes such as roll-to-roll transfer,

where loading rates can be controlled so as to produce

delamination at the desired interface. Although silicon

strips and epoxy were used in this study to effect this

selective delamination are not compatible with roll-to-

roll devices, other materials that are compatible can be

selected using the same fracture mechanics principles

that were used to analyze the experiments here.

A fracture mechanics analysis of the load�

displacement responses at the two extreme applied

displacement rates was used to determine the adhe-

sion energy as well as the strength and range of the

interactions between graphene and copper and be-

tween graphene and epoxy. At 254.0 μm/s, the adhe-

sion energy of the graphene/copper interface was

6 J/m2 with a maximum strength and interaction

range of 0.5 MPa and 24 μm, respectively. The corre-

sponding values of adhesion energy, maximum

strength, and interaction range at 25.4 μm/s were

3.4 J/m2, 0.5 MPa, and 13.6 μm, respectively, for the

graphene/epoxy interface. These values of adhesion

energy were surprisingly high and could have been

due to significant contributions from plastic energy

dissipation in the copper foil and epoxy layers. How-

ever, a detailed finite element analysis found very

little dissipation in either layer due to the fact that

their yield strengths were much higher than the

maximum strength of the interfaces. This means that

the quoted adhesion energy values actually corre-

sponded to the intrinsic adhesion of the interfaces,

although the underlying mechanisms for such high

adhesion energy require further study.

The source of the rate dependence remains to be

understood and doing so will allow much more defi-

nitive analyses of delamination scenarios for roll-to-roll

manufacture. Nonetheless, it can be most likely nar-

rowed down to a rate dependence of the graphene/

epoxy interface, with an interphase layer of epoxy

whose properties are different from those of the bulk

epoxy due to the constraint applied by the graphene

on themovement of themolecular chains of the epoxy

near the graphene as the epoxy was cured.

METHODS

The details of the specimen fabrication are given in sections
1�3 of the Supporting Information. Following CVD growth of

graphene on copper foils,2 the 5� 5 cm2 foils were flattened on

a silicon wafer (Supporting Information Figure S1a). Each gra-

phene surface was in turn bonded to silicon strips (Supporting

Information Figure S1b�d) to form, from bottom to top, a

silicon/epoxy/graphene/copper/graphene/epoxy/silicon lami-

nate (Supporting Information Figure S1e). The entire length of

the bottom silicon stripwas bonded to the lower graphene layer

by its epoxy, whereas the upper epoxy layer only bonded about

75% of the upper silicon strip to the upper layer of graphene,

thereby producing bimaterial corners or a blunt crack, depend-

ing on the scale of observation, at the epoxy terminus

(Supporting Information Figure S2). The nominal thickness of

each layer is identified in Figure 1a. The final step in preparing

the specimenwas to bond aluminum tabs (Supporting Informa-

tion Figure S1f) to each silicon strip. These tabs allowed the

laminate to be connected to a servo hydraulic loading device in

a classical fracture mechanics test configuration, the double

cantilever beam.18

The ends of the upper and lower silicon strips were separated
(Figure 1a) under displacement control with rates ranging from

25.4 to 254.0 μm/s. The reactive load was measured by a 10 N

load cell while the crack tip locationwasmonitored by a camera.

With many of the specimens, several load/unload/reload cycles

could be conducted before each specimen was completely

separated. Both fracture surfaces were then examined with

Raman spectroscopy (WITec Alpha 300 micro-Raman confocal

microscope, λ = 488 nm) and scanning electron microscopy

(SEM; FEI Quanta 650 ESEM) in order to determine the locus of

delamination. The latter was particularly useful for mapping the

full extent of any transfer of the graphene from its seed copper

foil to the adjacent epoxy because the presence of any gra-

phene on the epoxy prevented charging from occurring.
Fracture mechanics analyses of the load�displacement data

were used to determine the adhesion energy, strength and
range of the interactions between graphene and copper and
graphene and epoxy. The details are given in Supporting
Information Section 8.
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