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Large-area graphene grown by chemical vapour deposition (CVD) is promising for applications;

however, the interaction between graphene and the substrate is still not well understood. In this report,

we use a combination of two non-destructive characterization techniques, i.e., electron backscatter

diffraction (EBSD) and Raman mapping to locally probe the interface between graphene and copper

lattices without removing graphene. We conclude that the crystal structure of the Cu grains under

graphene layers is governed by two competing processes: (1) graphene induced Cu surface

reconstruction favoring the formation of Cu(100) orientation, and (2) recrystallization from bulk Cu

favoring Cu(111) formation. The underlying Cu grains, regardless of reconstruction or recrystallization,

induce a large hydrostatic compression to the graphene lattice. Interestingly, the strong interaction

could be decoupled by allowing the intercalation of a thin cuprous oxide interfacial-layer. The Cu2O

layer is mechanically and chemically weak; hence, graphene films can be detached and transferred to

arbitrary substrates and the Cu substrates could be re-used for graphene growth.

Introduction

The unique electrical, physical and optical properties of

graphene are promising for a variety applications in electronics.1

Tremendous efforts are being undertaken to develop methods to

produce large-area, high quality graphene using chemical or

electrochemical methods.2–4 Among various catalytic metal

substrates for graphene growth using chemical vapour deposi-

tion (CVD),5–15 nickel (Ni) and copper (Cu) are so far the most

promising metals for the production of large-area self-terminated

films.14–18 Transparent conductive electrodes, high contrast

transmission electron microscopy (TEM) grids,19 gas and

biosensors,20 and nanoelectromechanical systems using CVD-

grown graphene have been intensively studied and are promising

for future applications.21

As recently discussed by Chhowalla and co-workers, Cu

represents the ideal catalyst for graphene growth due to its low

affinity to carbon, where the graphene detachment and transfer

processes are relatively easier than the graphene grown on Ni

surfaces or epitaxially formed on silicon carbide surfaces.17

Although a few reports have suggested that the graphene growth

may occur at certain crystallographic directions, Cu(100) and

Cu(111),17 a detailed study has yet to be conducted. By using

electron-backscattered diffraction (EBSD) mapping we can

reveal the local lattice orientation of Cu substrates without

removing the CVD-grown graphene films. Confocal Raman

mapping is also applied to probe the graphene structure.

Therefore, the spatially-resolved correlation between as-grown

graphene and the underlying Cu structure can be realized.

Our results show that the surface of the commonly used Cu

foil at high temperature change with the cooling rate after

graphene growth and its structure is also affected by the presence

of graphene. Surprisingly, the Cu grains oxidize at ambient

conditions, with the oxidation rate depending on the interaction

of the graphene layers with the underlying Cu.22 By using

Raman mapping, we have realized that the strong interaction

between graphene and Cu can be decoupled by introducing a

layer of Cu2O in between graphene and Cu. The Cu2O is

mechanically weak; hence, graphene films can be detached and

transferred to arbitrary substrates and the Cu substrates can be

reused for graphene growth.

Experimental section

CVD process: Centimetre-scaled graphene films were synthesized

via a hot-wall furnace consisting of a 25 mm (inner diameter)

quartz tube using Cu foil (25 mm in thickness, purity of 99.8%) as

catalytic substrates as described by Li et al.16 The Cu foil

typically has a native oxide layer on the surface, which must be

removed for successful growth of graphene on Cu. Hence, after

the Cu foil was loaded into the furnace, it was heated to the
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process temperature 1000 uC under a H2 atmosphere with 400 sccm

flow at 500 Torr followed thermal annealing at the same temperature

for 50 min. The growth of single-layer graphene (SLG) was then

started with a CH4/H2 gas mixture (60 and 15 sccm, respectively) for

20 min at 750 mTorr. Subsequently the furnace was cooled to room

temperature at fast (y280 uC min21) or slow (1.7 uC min21) cooling

rate. Note that the fast cooling procedure was conducted by opening

and shutting-down the furnace immediately after growth, resulting in

a non-linear temperature profile. Thus the cooling rate was estimated

from 1000 uC to 900 uC, where the Cu crystallization is mostly

governed by the initial cooling stage. The gas condition was

maintained from the beginning of the growth stage to the end of

the cooling stage. The gas flow rates were controlled by mass flow

controllers (MFC, Brooks Instrument). The pressure was precisely

monitored and controlled by Baratron1 capacitance manometers

(MKS Instrument) and a pressure controller (APC, MKS

Instrument). If high purity Cu foils (99.999%) are used to grow

graphene at 1000 uC, only defective carbon films are obtained on the

polycrystalline Cu surface. A higher process temperature around

1030 uC is necessary for obtaining high quality graphene, indicating

that the m.p. of the high purity Cu is significantly higher than the Cu

foil with 99.8% purity.

Oxidation process: After CVD growth, we took the Raman

spectra from as-grown (non-oxide) graphene/Cu sample imme-

diately. Subsequently, an additional ex-situ step of a few days

ambient oxidation of Cu in air with considerable humidity level

was performed. CVD-grown graphene is polycrystalline in

nature, therefore, air present oxygen can penetrate at the grain

boundaries resulting in a thin Cu oxide layer at the graphene/Cu

interface. The thickness of Cu2O could be controlled by two

parameters, i.e., temperature and humidity. In the case we

mentioned, the temperature and humidity were kept at room-

temperature and y50% respectively, and result in a thickness of

Cu2O around 10 nm.

EBSD: Electron backscatter diffraction (EBSD, HKL, Oxford

Instruments) has been selected to locally probe the lattice

information of Cu substrates. All the EBSD information comes

from the analysis of Kikuchi diffraction pattern. Typically the

probing depth of the EBSD is around 50–100 nm from the

surface. The spatial resolution of our EBSD system is ,100 nm.

Raman Spectroscopy: A confocal Raman microscope

(NTEGRA Spectra, NT-MDT) was operated with an excitation

laser wavelength of 473 nm. A 100X objective of 0.7NA was used

for confocal measurements. The spot size was ,500 nm.

Adhesion force and modulus measurements: Adhesion force

and modulus measurements were carried out with a closed-loop

atomic force microscopy (AFM, Dimension Icon, Veeco

Instruments) operated in PeakForce quantitative nanomechani-

cal mapping (PeakForce QNM) mode. All measurements were

performed under ambient condition and required accurate

calculation of the deflection sensitivity and spring constant of

each probe. The purpose of determining the deflection sensitivity

is to convert the unit on the force map which by default is in

terms of Volt to Newton. Spring constants for the cantilevers

were acquired via the thermal tuning in NanoScope software.

The adhesion force and Modulus maps were obtained simulta-

neously, after scanning domains of 15 6 15 mm2 and a scanning

rate of 1 Hz. Gold coated AFM probes (PPP-NCSTAu-10) were

obtained from Nanosensor.

Results and discussion

The temperature profile of the CVD process is shown in Fig. 1.

Step (1) and (2) represents the heating and the pretreatment

process under a H2 atmosphere, respectively. Depending on the

subsequent processes, three different samples are obtained,

sample (2)F is the heat treated Cu foil without growing graphene

on it, sample (3)F is the Cu foil grown with graphene followed by

fast cooling, and sample (4)F is the Cu foil grown with graphene

followed by slow cooling. We use EBSD, a micro-to nano-

crystallographic technique, to examine the crystal orientation of

the Cu surface structure. Due to that the graphene is transparent

to the e-beam, it is not necessary to remove the SLG on Cu. The

SEM and EBSD results for the samples (2)F, (3)F and (4)F are

shown in Fig. 1. The colors of specific lattice orientation in each

EBSD map are assigned as the color code in Fig. 1. Interestingly,

different cooling rates control the crystal structure of the

underlying Cu. For the sample (2)F, the EBSD map demon-

strates a dominating Cu(111) orientation. This is reasonable

because Cu(111) exhibits the lowest surface energy among the

low-index surfaces.23 When fast cooling is performed after

graphene growth, corresponding to the sample (3)F, the SEM/

EBSD results reveal that the underlying Cu consists of

considerable Cu(100)-like orientations (including Cu(100) and

Cu(016)), few Cu(111), and some randomly oriented high-index

grains, suggesting that graphene induces the recrystallization of

Cu(100) at surfaces. This result is in agreement with previous

reports that suggest that graphene is preferentially synthesized

on Cu(100).24,25 Interestingly, for the slowly cooled sample (4)F,

Fig. 1 The temperature profile of CVD process and SEM/EBSD results

of (2)F heat-treated Cu foil, (3)F fast-cooled graphene/Cu and (4)F slow-

cooled graphene/Cu samples. The color code and inset 3D-cubic indicate

the lattice orientation of each Cu grain. Under a H2 atmosphere, the

heat-treated Cu foil shows a large-area single-crystalline feature Cu(111)

orientation, as well as slow-cooled graphene/Cu samples. Sometimes

these Cu(111) grains could be as large as a few millimetres. Whereas the

Cu in fast-cooled graphene/Cu samples always show poly-crystalline

features.

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 3008–3013 | 3009
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the EBSD mapping shows that Cu(111) orientation is dominat-

ing again. By considering the overall results in Fig. 1, it is

suggested that the slow cooling resulted Cu(111) orientation is

thermodynamically induced from the bulk. The fast cooling

induced reconstruction of Cu(100) at the surface is likely a

kinetically favored process. Our molecular dynamics calculation

(see Supporting Information S1{) also suggests that graphene on

Cu(111) is thermodynamically more stable due to a larger work

of adhesion compared with the graphene on Cu(100).

Fig. 2 sketches the mechanism for the proposed evolution of Cu

grains in each temperature treatment. The arrows at grain

boundaries indicate the directions of grain growth. It is noteworthy

that the melting point (m.p.) of pure bulk Cu is y1083 uC,26 and

the bulk m.p. of the Cu foil we used (99.8%) is lower than this value

due to the presence of impurities. Moreover, the surface m.p. of a

metal is known to be lower than its bulk m.p.27 Furthermore, the

Cu substrates were always slightly vaporized during CVD process

and condensed on the inner-surface of quartz tube near the low-

temperature zone of furnace (see Supporting Information S2{).

This provides evidence that the surface of Cu foil is close to a

molten state allowing the migration of Cu atoms and reconstruc-

tion of Cu surfaces in the presence of graphene. In other words,

instead of graphene preferentially synthesized on a specific Cu

crystallographic surface, we can conclude that Cu(100) may be

preferentially recrystallized in the presence of a thermally deposited

graphene layer. The observation of recrystallized Cu(100)-like

orientations upon fast cooling strongly indicates that the presence

of graphene is able to kinetically promote the growth of Cu(100).

However, the recrystallization of Cu(111) from bulk eventually

dominates the structure of the Cu surface if enough time is provided

to reach thermodynamically stable states. Noting that the fast-

cooled process always results in micro-scaled poly-crystalline

Cu(100)-like surface ((3)F in Fig. 1), whereas the case of Cu(111)

grains after the slow-cooling process can be as large as a few

millimetres ((4)F in Fig. 1). This difference shows that Cu(100) is

thermodynamically meta-stable. It is worth noting that the surface

recrystallization phenomenon becomes less pronounced if a higher

purity Cu foil was used as the substrate. It is due to the fact that its

higher m.p. does not allow surface reconstruction at 1000 uC (see

Supporting Information S3{).

Formation of Cu2O layer releases the compressive strain from Cu

To reveal the graphene structure on top of various Cu grains,

confocal Raman measurements (spot size , 500 nm) were

performed. Raman spectroscopy has been widely used to

evaluate the number of layers (intensity ratio of I2D/IG and

band width of 2D),28 grain size and defect level (intensity ratio of

ID/IG).29 The Raman measurements of as-grown graphene were

immediately taken after CVD growth. Subsequently, an addi-

tional ex-situ step of 3 days ambient oxidation of Cu in air was

performed. CVD-grown graphene is polycrystalline in nat-

ure,30,31 therefore, ambient oxygen can penetrate through the

graphene grain boundaries resulting in a thin Cu oxide layer at

the graphene/Cu interface. Naturally if the as-grown graphene

has a large domain size (very low density of grain boundaries),

the oxidation rate may be very slow.22 In contrast with the slow-

cooled sample, the Cu grains of the fast-cooled sample always

exhibit poly-crystalline Cu(100)-like features with a small grain

size (y10–100 mm), sometimes a few Cu(111) grains also appear.

For this reason we can compare the Raman features of the

graphene grown on the sample substrates but sitting on various

Cu grains such as graphene/Cu(100) and graphene/Cu(111)

before and after 3 days oxidation in air as shown in Fig. 3.

Each spectrum is an average of 10 randomly selected sites within

the same Cu grain. The peak at y540 cm21, attributed to the

formation of Cu2O,32,33 appears after oxidation. We noticed that

the D-band (y1350 cm21) neither appears nor increases after

oxidation, suggesting that the oxidation in air does not

significantly increase the defect density on graphene. The

Raman 2D-band (at around 2700 cm21) for the graphene films

on Cu(100) and Cu(111) is further red-shifted by 12.9 and

29.4 cm21, respectively, after oxidation. Meanwhile, the G-band

is also red-shifted by about 3.7 and 12.5 cm21 correspondingly.

These observations suggest that the oxygen doping process is not

responsible for these shifts because the doping in graphene

should induce obvious G-band shift but only small or not

appreciable 2D-band shift.34,35 Moreover, a blue-shift in G-band

should be expected when graphene is oxidized. Instead, the

simultaneous shift of G-and 2D-band implies that the graphene

on Cu is more compressively strained compared with those on

Cu2O.36 The ratio of the shifts between 2D-and G-band, Dv2D/

DvG, has been estimated to be around 2.5 if it is caused by

hydrostatic pressure,36,37 which is consistent with our experi-

mental values (3.48 for Cu(111) and 2.35 for Cu(100)). It is also

obvious that 2D-band becomes narrower after oxidation (from

44 to 29 cm21 and from 43 to 29 cm21 of graphene on Cu(111)

and Cu(100), respectively). Additionally, the I2D/IG intensity

ratio is significantly increased from 1.7 to 3.1 and from 1.6 to 2.9

Fig. 2 Sketch of Cu grain growth corresponding to different temperature profiles in Fig. 1. The arrows at the grain boundaries (GB) indicate the

directions of grain growth.
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of graphene on Cu(111) and on Cu(100), respectively. The I2D/IG

y3 consistent with the reported single-layer CVD graphene on

SiO2 substrates.14,16 These observations further indicate that the

formation of Cu2O interlayer helps to weaken (or decouple) the

graphene-Cu interaction.

We suggest the origin of such compressive strain was

generated during the cooling stage, and a result of the opposite

of thermal expansion of Cu (positive expansion coefficient) to

the as-grown SLG (negative expansion coefficient).37 This

explanation is satisfactory with our results for as-grown SLG

on Cu(100) and Cu(111) that show different degrees of Raman

shifts due to the difference of in-plane thermal expansion

coefficients of the respective orientations. We envisage that, this

opposite thermal expansion phenomena between as-grown SLG

and specific orientations of Cu substrates may prove useful for

strain-engineering of future devices.38

The detailed Raman examination of the graphene films sitting

on various Cu grains allows us to conclude that the compressive

strain of graphene can be released after the oxidation of the

underlying Cu. In order to avoid experimenter-expectancy effect

from point-measurements in Fig. 3 (the focused spot size of laser

beam is ,500 nm), the mapping results of Raman measurement

combined with SEM image and EBSD map in Fig. 4 can provide

further insight at the micro-scale. Fig. 4a shows a SEM image

and its corresponding EBSD map of a fast-cooled graphene/Cu

sample with different lattice orientation of Cu(100)-like and

Cu(124) in a 40 6 40 mm2 area. The left and right Raman maps

in Fig. 4b-f are measurements taken from as-grown and 3 days

oxidized sample respectively. The red-shift and width-narrowing

of G-and 2D-band (Fig. 4c-f) after 3 days oxidation show a clear

dependence of lattice orientation on Cu, as well as the case of

slow-cooled samples (see Supporting Information S4{). The

graphene/Cu(124) is relatively inert to ambient oxidation

(Fig. 4b) which suggests higher surface energy of Cu(124) than

Cu(100) and (111).23 Higher surface energy thermodynamically

represents higher adhesion force between graphene and Cu, and

therefore provides better protection against further oxidation.

This also explains the non-apparent shift and width-narrowing

of G-and 2D-band of graphene/Cu(124) in Fig. 4.

Most importantly, Fig. 3 and Fig. 4 point out that Raman

spectra directly taken from as-grown graphene/Cu samples could

be misleading, unless the graphene has already been transferred

or decoupled. For example, consider the Raman spectra of as-

grown SLG/Cu sample in Fig. 3, one may evaluate the graphene

as bi-layer to few-layer graphene instead of SLG before graphene

was decoupled or transferred. In other words, an additional

criterion for quick and convenient identification of coupled-

SLG/Cu using Raman spectra is necessary. The row of

Decoupled SLG in Table 1 is a criterion for decoupled SLG

based on statistics from other studies (see Supporting

Information S5{). The decoupled SLG includes exfoliated,

transferred to SiO2 and suspended SLG. The as-grown SLG/

Cu(100) and as-grown SLG/Cu(111) rows in Table 1 show a

suggested criterion for the identification of as-grown SLG on

Cu(100) and (111) based on statistics from our results. Table 1 is

Fig. 3 Raman spectra of graphene/Cu(100) and graphene/Cu(111) of

fast cooled samples, before and after 3 days oxidation in air. The

intensity of the peaks was normalized by the G intensity.

Fig. 4 (a) SEM image and its corresponding EBSD map of a fast-cooled graphene/Cu sample with different lattice orientation of Cu(100)-like and

Cu(124) in a 40 6 40 mm2 area. Raman maps from the same area correspond to (b) Cu2O intensity, (c) G frequency, (d) G width, (e) 2D frequency and

(f) 2D width. The left and right maps in (b)-(f) represent as-grown and 3 days oxidation, respectively. The grain boundaries are indicated by red lines (in

Cu2O intensity maps) and yellow lines (in frequency and width maps of G and 2D).

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 3008–3013 | 3011
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opened to be enriched for different lattice orientations and

substrates. This decoupling phenomenon could also be found in

the samples of graphene using thin-film Cu substrates and a

cold-wall CVD system (see Supporting Information S6{). Thus

we suggest this phenomenon is universal in most CVD cases.

Formation of Cu2O layer weakens the graphene-Cu interaction

Raman spectra have already provided the evidence of the

presence of strain. The force curve analysis from scanning probe

microscopy could provide further insights about the graphene-

Cu interaction. To further corroborate the decoupling phenom-

enon between graphene and Cu by Cu2O intercalation, we

examine a graphene layer on a partially oxidized Cu(111) grain.

The distribution of Cu2O over the area is revealed in Fig. 5a

(optical image) and 5b (Raman map constructed by plotting

Cu2O intensity as the color contrast). Adhesion force and

reduced Young’s modulus measurements over the whole area

were conducted using the peak force mode provided by a close-

looped atomic force microscopy (AFM, Dimension ICON,

Veeco Instruments Inc.). Fig. 5c is the adhesion force map

showing the measured force between Au-coated AFM tip and

the sample. The adhesion force measured on the Cu surface is

significantly higher than that on Cu2O surface. Meanwhile, the

map of the reduced Young’s modulus (Fig. 5d) demonstrates

that the graphene on Cu is stiffer than that on Cu2O. These

results further corroborate that graphene layers have stronger

interaction with Cu while the presence of Cu2O significantly

reduces this interaction.

Detaching graphene from Cu2O surface

Since as-grown graphene and Cu substrate could be separated by

Cu2O intercalation, this result actually provides an alternative

way for transferring graphene from Cu surface and the Cu

substrates may be re-used. Fig. 6a-c shows a preliminary process

for graphene transfer by a selective etching of Cu2O using dilute

HCl solution. A PDMS (polydimethylsiloxane) protected

graphene/Cu2O/Cu sample was immersed in dilute HCl solution

for selective etching of Cu2O. After Cu foil was detached, such

Cu foil (Fig. 6d) could be re-used for further graphene synthesis.

In our experiments, the quality of 2nd-grown graphene using

recycled Cu shows no obvious difference from 1st sample

(Fig. 6e). Since the thickness of Cu2O could be controlled (see

Supporting Information S7{), in other words, each as-received

Cu foil could be re-used for CVD process several times. Note, a

uniform, fully-covered Cu2O interlayer is obviously necessary for

selective etching, hence the slow-cooled sample (millimetre-

scaled Cu(111) dominated) is more suitable for this purpose.

Conclusions

In conclusion, we have demonstrated that the cooling process in

CVD-grown graphene affects the crystallographic orientation of

the Cu grains underlying graphene. Our results show that the

Table 1 The suggested criterion for the identification of decoupled and
as-grown SLG on Cu(100) and Cu(111) surfacea

I2D/IG 2D width (cm21)

Decoupled SLG . 2 25–35
As-grown SLG/Cu(100) 1.5–2 40–50
As-grown SLG/Cu(111) 1–1.5 40–50
a The decoupled SLG includes exfoliated, transferred to SiO2 and
suspended graphene.

Fig. 5 Force curve analysis of SPM on a partially oxidized Cu(111)

grain. (a) is the OM image of a partially oxidized Cu(111) area, and (b) is

the corresponding Raman map indicating the distribution of Cu2O, (c)

and (d) are the adhesion force and reduced Young’s modulus maps

corresponding to (a) and (b).

Fig. 6 (a)-(c) A preliminary process for transfer of a PDMS protected

graphene/Cu2O/Cu sample by a selective etching of Cu2O using dilute

HCl solution. (d) The recycled Cu foil after graphene transfer. (e) The

Raman spectra of 1st- and 2nd-grown graphene. The quality of 2nd-grown

graphene using recycled Cu shows no obvious difference from 1st sample.

3012 | RSC Adv., 2012, 2, 3008–3013 This journal is � The Royal Society of Chemistry 2012
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graphene induced Cu surface reconstruction favors Cu(100) and

the recrystallization of Cu(111) from bulk in fast and slow

cooling processes respectively. Therefore, one may need to be

cautious when claiming that graphene preferential growth on a

specific Cu orientation at process temperatures near the m.p. of

metal substrates. On the contrary, in the cases of CVD process

using a temperature well below the m.p. of the substrates, more

studies are required. From the EBSD/Raman analysis, we have

realized that the strong interaction between graphene and Cu can

be decoupled by introducing an interlayer of Cu2O between

graphene and Cu via a controlled recrystallization and post-

oxidation of Cu. The formation of Cu2O at the graphene/Cu

interface may be used for transfer of graphene and reuse of Cu

foil. The quality of 2nd-growth graphene using recycled Cu shows

no obvious difference from 1st graphene. Furthermore, the

thickness of Cu2O could be uniformly controlled, and allow the

Cu foil to be reused in CVD process several times. This result

indicates that the growth of CVD graphene may be more

economical by reusing the Cu foil, and the graphene transfer

process may be easier by introduction of cuprous oxide

intercalation layer.
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