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L. S. Hui &, E. Whiteway °, M. Hilke "and A. Turak ®

High temperature deposition of graphene on Cu by chemical vapor deposition can be used to
produce high quality films. However, these films tend to have a non-equilibrium structure,
with relatively low graphene adhesion. In this study, samples of graphene grown on copper
foils by high temperature CVD were post-deposition annealed at temperatures well below the
critical temperature for Cu. Resistance to etching under plasma was examined to assess the
mechanical robustness of the graphene on the Cu surface, analyzed with optical and Raman
microscopies. We found a correlation between post-annealing time and the etching time for
complete removal of graphene from Cu. Etching rates, minimum etch times, and surface
appearance were observed to vary depending on the etching plasma (air, oxygen or nitrogen).
Oxygen plasmas were found to be the least aggressive, emphasizing the improved adhesion
with post-annealing treatments. Our results imply that etching of graphene on Cu, and hence

the adhesion of graphene, can be controlled by proper annealing and choice of plasma gas.

Introduction

Due to its chemical inertness, excellent mechanical strength,
and high electrical conductivity, graphene has been a widely
studied material since its discovery in 2004.'® Potential
applications include its use as electrodes,*® charge carrier
transport layers,” lubricants’®, impermeable barriers,***? and
nanoelectromechanical systems (NEMS).*®

Though much research has focused on understanding the
electronic and thermal properties of graphene,’® the
mechanical properties have been less widely explored. Recent
work, however, suggests that the mechanical and friction
properties of graphene are just as impressive as the
electronic.'*® Despite the recent excellent work, there is still
some controversy on the strength of adhesion of chemical
vapor deposition (CVD) graphene, especially on Cu
surfaces.””*® CVD is an excellent low cost method of
producing large area graphene with controlled thickness and
high quality®®#

Though the film quality is high, CVD graphene grown on Cu
foil at high deposition temperatures (>1000°C) tends to have a
non-equilibrium structure,?® characterized by wrinkles and
folds.?"#2422 Deposition at high temperatures leads to rapid
contraction of the graphene upon cooling®%? due to the
mismatch in the thermal expansion coefficients between Cu
and graphene.?®?” The Chen group®? have recently used high
temperature post-deposition annealing to recover the
crystallinity of the Cu surface, recovering the equilibrium

This journal is © The Royal Society of Chemistry 2014

structure of graphene on Cu.? The equilibrium structure has
been found to have much higher adhesion energies *® than that
found on wrinkled samples.*’

This study examined the impact of post-deposition annealing
(post-annealing) on the graphene-Cu system when exposed to
etching plasmas. Post-deposition aannealing, even at modest
temperatures (<200°C), appears to be key in manipulating the
adhesion strength of graphene on Cu, reflected by the
increased etching times to completely remove CVD graphene
from the Cu surface. Plasma etching, therefore, may be an
easy and effective method of examining the impact of post-
deposition treatments on graphene systems.

Experimental

Graphene was synthesized by chemical vapour deposition (CVD)
on commercially available 25um copper foils (Alfa Aesar). The
foils were first chemically treated with acetic acid and annealed for
4 hours at 1078°C under a flow of 8 sccm hydrogen gas in order to
prepare the copper surface. The temperature was maintained at
1078°C during a 4min CVD growth phase where gas flows of 1.2
sccm methane was introduced. Long annealing time and short
growth period were chosen in order to limit the size and density of
the graphene domains. To observe the graphene flakes, oxidation of
the Cu surface is necessary to provide contrast between the
graphene coated and uncoated portions of the Cu surface. Samples
were annealed in a batch on a hot plate (Pace Heat Wave) in air at

2014, 00,1-3 | 1



Faraday Discussions

)
Y
]
(=]
(=]
o

9000

6000

3000

Raman Intensity (arb. units

1200 1600 2000 2400 2800 3200
El
Wavenumber (cm™)

Figure 1 Raman spectra for CVD graphene on Cu foil at etching times of 0,
10, 20 and 201(CET) min, showing the evolution of the etching process for
O, plasmas. The critical etching time is defined as the complete removal of
graphene, as determined by optical methods.

180°C with different annealing times ranging from t=2, 4, 9, 15, 30,
60 min. The groups of samples with different annealing times were
then separated into batches for air (unfiltered laboratory air),
nitrogen (Alphagaz, 99.999%) and oxygen (Alphagaz, 99.999%)
plasma etching. The plasma etching was performed in a Harrick
Plasma PDC-001 plasma cleaner system and Thierry Plasma Zepto
Low Pressure System with 13.56MHz R.F. generator at 29.6W.
The plasma chamber was held at a base pressure of 70mTorr prior
to target gas filling. During etching, a gas flow rate of 30 sccm was
maintained. The samples were progressively etched from 2-260min
with time intervals of minimum 1min and were observed under an
optical microscope (Leica DMR microscope) to detect the first
disappearance of contrast. For the case of N, plasma etching, a
second post-annealing step of the etched samples was needed to
show contrast of Cu-graphene after treatment. The time intervals
from the etching are accumulated to determine the minimum time
required to completely remove the graphene from the Cu surface,
designated as the critical etching time. Raman spectra were
collected using a Renishaw inVia spectrometer at 514nm laser
excitation, with a 20x objective and 1200 I/mm grating. The laser
power was 20mW, to prevent damage to the graphene. All spectra
were background corrected to remove the Cu photoluminescence
excited at 514nm* (see supplementary information).

Results and discussion

Though exposure to plasma is often used to modify the electronic
properties of graphene layers,®® under sufficiently high doses,
bombardment with the energetic particles can also completely etch
away the graphene layer. The etching time for complete removal of
any residue is generally correlated to the strength of the adhesion of
the coating on the surface.®® Therefore, plasma interactions are a
potential method of probing the mechanical strength of graphene-
copper interfaces. As our interest concerns the robustness of the
graphene against plasma etching, partially covered substrates were
desired. The CVD process was tuned to produce square graphene
flakes on the Cu foil with ~30-100pm widths.

2 | 2014, 00, 1-3

Impact of etching times

Figure 1 shows the Raman spectra for as-grown graphene, and the
resultant spectra after etching in O, for various times. The pristine
samples show both the characteristic features for graphene, the G
and 2D peaks at 1587 cm™and 2705 cm* respectively. The G peak
corresponds to the first order degenerate phonon energy, E,q mode
at the T point of graphene;*’ the sharp 2D peak is a result of the
second order phonon intervalley scattering, from the z—7*
transition.*° The absence of a peak between ~1280-1350cm™
suggests that the graphene islands are mostly defect free."** The
I6/120 (peak heighy atio of 0.4 indicates that the graphene flakes on the
Cu surface are mostly few or even single layer.**! The 2D peak
can be fit by a single Lorentzian (not shown), further supporting the
idea that the CVD grown graphene films are mostly single layer,
defect free patches on the Cu surface.®” Some islands were also
observed with slightly higher Ig/1,p ratios and a shoulder on the 2D
peak, suggesting some flakes are likely multilayered.*

After a short etch in O, plasma, significant sp> defects are
introduced with a strong D band appearing at 1290cm™.3742
Though much reduced, both the G and 2D bands are still barely
visible as shown by the arrows in Figure 1. There may also be a
merging of G and D’ broad band at 1590cm™, which is attributed to
the C-H sp® hybridization defect and the overtone of D mode
activated after plasma treatment > These changes suggest that the
plasma initially introduces defects into the graphene rather than
removing it, as is often seen in lower dose plasma processing used
to tune the electronic configuration of graphene flakes.** Another
explanation for the appearance of the strong D band is the
formation of graphene oxide, though that is generally accompanied
by an equally large G peak.*® Further etching eliminates the G, D’
and 2D signals and reduces the scattering intensity of the D band,
indicating that graphene/graphene oxide is being removed from the
surface. Finally, after the critical etching time (CET), there is no
more evidence of graphene in the Raman spectrum. This fully
etched condition of the graphene was determined by optical
microscopy.

As received, the graphene on Cu foil is without any contrast in the
forward scattering condition. Cu, however, is prone to oxidation in
air even at low temperatures. Graphene has been widely reported as
an excellent passivation layer,'**? protecting the surface from
chemical oxidation as the densely packed benzene-ring structure
makes graphene impermeable to most gases, including helium.*°
Mild oxidation, from short post-annealing treatments in air or even
exposure to oxidizing plasmas, can therefore be used to visualize
the graphene islands (see Figure 2(a)). The contrast results from the
different light scattering intensity and refractive indicies of cuprous
oxide and the unoxidized Cu protected under the graphene. The
oxidation contrast, therefore, can be used as a method of tracking
the progress of etching. Figure 2 shows the effect of the etching
procedure on the graphene islands, supporting the findings
suggested by the Raman data. After short etching times, the
graphene is still visible, then becomes progressively less visible as
etching progresses. Finally, the critical etching time (CET) is
determined as the point where almost no contrast is visible after

This journal is © The Royal Society of Chemistry 2014
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Figure 2 Optical micrographs of CVD graphene on Cu foils. (a) As-grown
samples, annealed to show contrast between bare and graphene covered

regions (b-d) same sample after etching in O, plasma for 10, 30 and 201min.

Etching time is denoted as “et” in the figures. Blue arrows indicate the
contrast showing the graphene islands. The final panel was used to
determine the critical etching time (CET).

etching, suggesting complete removal of the graphene layer (Figure

2(d)).

After CET, there is still a Raman feature visible at the G/D’
location of ~1580cm™ (Figure 1). However, the eigenvector of the G
mode involves the in-plane bond-stretching motion of pairs of C
sp? atoms, and does not require the presence of six-fold
rings.**without the accompanying 2D peak, which needs six-fold
rings to be excited “°, this cannot be taken as a feature of graphene,
and is most likely due to C=C residue on the surface. As can be
seen in Figure 3, after the CET as determined from optical
observations, Raman measurements show no indication of
graphene on the surface for N,, O, and unfiltered laboratory air
etching plasmas. This suggests that the optical method is adequate
to determine the CET for complete removal of graphene from the
Cu surface, and the CET can be considered to be roughly
proportional to the strength of the interaction between graphene
and the Cu surface. Optical determination of CET is straight-
forward for O, and air plasmas, as exposure to the plasma also
oxidized the Cu surface; however, identification of N, CET
required a post-etching anneal of the etched samples to show
contrast of Cu-graphene after treatment. It is likely therefore that
the visual method leads to an over estimation of the real CET for
N, plasmas. This was confirmed with Raman measurements where
graphene patches were visible optically, but there was no signature
of graphene (see next sections).

Effect of post-deposition annealing

CVD graphene grown on Cu foil, at high deposition temperatures,
such as those in this study, tend to have a non-equilibrium
structure.”? Egberts et al ¥ recently showed that the work of
adhesion for graphene on Cu is low for such systems. The Chen
group 22 have been able to use high temperature post deposition
annealing to recover the crystallinity of the Cu surface,
approaching the equilibrium structure of graphene on Cu.® High
quality equilibrium films have been reported to have very high

This journal is © The Royal Society of Chemistry 2014
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Figure 3 Raman spectra of as-grown CVD graphene on Cu and after etching

with different gases.

adhesion strengths.'® This suggests that post-deposition annealing
might increase the interaction strength between graphene and Cu.

To examine this effect, we performed low temperature (180°C)
post-deposition annealing on our graphene-Cu samples for various
annealing times. As described above, short annealing times can
make visible the graphene islands. Under further annealing (Figure
4(b)) the contrast increases, likely due to the enhanced oxidation
ofunprotected Cu in the presence of graphene, recently described
by Zhou et al.*® Eventually, after 60min annealing, in some areas of
the sample, the graphene islands edges are no longer clear, and the
islands appear damaged. This is a likely result of graphene
exfoliating from the surface, due to a mismatch in the thermal
expansion coefficient of graphene ((-8.020.7)x10° K%) and the Cu
crystals (14x10° K1).%27 With longer annealing time, more
material is allowed to expand and the rigid graphene structure is
not fully bonded to the surface, exposing some of the Cu
underneath the surface, resulting in a more “messy” oxidation of
the Cu foil*’.

Figure 5 shows the Raman spectra for the post-deposition annealed
films. In all cases, the G and 2D bands are both visible, without D
band development. This suggests that there was neither significant
defect nor graphene oxide formation.*>*® Post-deposition annealing
in fact seems to have very little impact on the graphene islands,
even when optically significant damage appears to have occurred.
The only notable change is a slight blue shift of the 2D band
observed to occur systematically with annealing time. Though this
is characteristic of multilayer graphene,*® no peak broadening or
change in lg/l,p ratio (varies between 0.36-0.46 depending on
graphene flake) was observed. The observed features can be well
fitted with a single Lorentzian peak shape with similar full width at
half maximum (FWHM), pointing to defect free, monolayer
graphene in all cases. Another possible explanation for the
observed shift is the build up of strain at the interface. Wang et. al.
% saw shifts in the 2D band resulting from the lattice mismatch
between SiC and carbon layer/buffer layer, which has a graphene-
like honeycomb lattice that is covalently bonded to the SiC
substrate *°. A change in the mechanical interaction between the

2014, 00,1-3 | 3
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Figure 4 (a.-.) Optical micrographs of CVD graphene on Cu foil annealed and etched for various times. (a, d&g) samples post-annealed for 2 min.; (b, e&h)
for 30 min. and (c,f&i) for 60 min. (a-c) samples have not been plasma treated; (d-f) treated with air plasma, (g-i) N, plasma treated and (h-1) O, plasma treated
with the etching time denoted as “et” in the figures. Blue arrows indicate the contrast showing the graphene islands.
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Figure 5 The Raman spectra of CVD graphene on Cu samples with different

post-annealing times at 180°C (0,30&60 min). The spectra were normalized
to the 2D peak at ~2700cm™ intensity for comparison.

graphene and Cu could also lead to a build-up of strain at the
interface.

Upon exposure to plasma, however, significant differences were
observed with the post-annealing time. Optically, as can be seen in
Figure 4, systematically longer etching times were necessary to fully
remove the graphene from the substrate with post-annealing, for all
etching gases. The observed CET for all the process gases are
summarized in Figure 6. In all cases, increased annealing time
protects the system against etching. The visually different etching
times as a function of annealing, as shown in Figure 4(d,e&f),
(9,h&i) and (j,k&lI) support the premise that annealing can be used
to control the removal of graphene, by making the structure more
robust. It takes much longer in all cases to see complete removal of
the graphene from the surface. Figure 7 shows the Raman spectra
for the optically determined CET for O, plasma with various post-
annealing times. Though there is no evidence of graphene or even
C residue on the as-grown samples, even short post-deposition
annealing changed the resultant spectra. With only 2min of
annealing, the defect or graphene oxide D band observed
previously with 10min plasma exposure was still visible after
75min plasma exposure (see supplementary information for non-
normalized CET values). Further annealing shows increasing signal
from the G/D’ band, which may be due to C=C residues that are
not removed even with extremely long etch times (250min etching
for 60min post-annealing time). The extremely long etching times,
and the inability of the plasma to remove carbon residues indicates
a strong interaction between the Cu and the graphene.

Effect of plasma gas

Though Figure 6 shows that the trend of increasing CET with
annealing holds for all process gases, there are significant
differences in the measured CET times for the different etch gases.

This journal is © The Royal Society of Chemistry 2014
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Figure 6 Normalized CET for graphene with different post-annealing
treatment for various plasmas. Lines are least squares fit on data. The CET
have been normalized using to the value of annealing time at 4 min, where
contrast is visible, to eliminate possible sample discrepancies and
emphasize the common trend for all process gases.

These effects are visible even with normalization to remove sample
variations. Using the CET estimations, air is the most aggressive
etchant, with O, and N, plasmas having decreasing aggressiveness.
The effect of post-annealing in protecting the graphene from etch
removal is greatly enhanced the less aggressive the etchant.
However, the optical measurements are slightly misleading. Raman
measurements for the same etching time, shown in Figure 8, support
the order of the O, and air plasmas, but completely contradict the
behavior with N, etching.

Figure 8 does confirm that the different process gases have different
impacts on the graphene for the same etching time. In this case, N,
plasmas appear to be the most aggressive. No Raman signal is
visible from graphene nor are there any C-O, C=0O bands after
10min etching, suggesting a total destruction of graphene and
carbon residues. N, plasma etching is a physical sputtering process,
that has previously been used for nitrogen doping of graphene® and
is thought to lead to unsaturated dangling carbon bonds at the
graphene edges.® The dangling carbon bonds can react with
oxygen atoms once it is exposed in air. However, in this study, no
evidence of graphene or graphene oxide was observed, only
complete sputter removal of the graphene.

It appears that, while the optical detection for determining the CET
works well for air and oxygen plasmas, values of the CET as
determined optically are highly overestimated for N,. Optically,
Figure 4(h) shows that the contrast initially assigned to graphene is
still visible for a sample that has been etched for 75 min, under the
same annealing conditions as the 10min etching in Figure 8. As
nitrogen plasma cannot oxidize the Cu during etching, this contrast
is more likely to result from the varying degree of Cu oxidation
rather than a signature of graphene on the surface. The first

2014, 00,1-3 | 5
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Figure 7 Raman spectra for CET on CVD graphene on Cu foils with O,
plasma for various post-annealing times (0-60min) at 180°C.

annealing step oxidizes the regions without graphene. After
interaction with the plasma, the graphene is removed, leaving
behind regions with different levels of oxidation. During low
temperature oxidation, metastable CuzO, forms first followed by
CuO, the thermodynamic stable phase of cuprous oxide.®? Possibly,
the regions covered with graphene form the metastable oxide
during the second annealing step (i.e. after plasma etching to
expose the graphene), while the previously oxidized regions
continue to oxidize further. Eventually, what appears to be “fully-
etched”, without contrast, indicates uniform oxidation or complete
removal of the initially formed oxide by the vigorous physical
sputtering action of the plasma. The trend in the observed CET for
N, plasma may suggest that it takes longer for the cuprous oxide to
be sputtered away at longer annealing times.

The Raman data indicates that air plasma is also very aggressive,
leaving only the C=C residue/G band at 1590cm™. Air plasma
etching is a very vigorous process, with CET reached quickly with

visible pitting observed on the Cu/graphene surface (see Figure 4(f)).

This pitting is likely due to the effect of hydrogen plasma in air as
Diankov et al.*® has observed the high selectivity of hydrogen gas
on graphene. Pits are not present on samples etched by N, (Figure 4
(i)) or O, plasma (Figure 4(l)) for the same annealing time and even
for much longer etching times. It is likely that there is true etching
occurring with the air plasma, due to the highly reactive O and H"
radicals, as well as the sputtering observed with nitrogen.

O, plasmas were the least aggressive, showing the defect structure,
D band, with some G and 2D peaks barely visible. As described
previously, there could also be a broad D’ band, merging with the
G. The presence of both D’ and D peaks suggests significant
doping and defects are introduced but likely little removal of
graphene. The gas with the slowest etching rate is thus the oxygen
plasma, where only chemical etching takes place with O radical
species.

The rates observed for the various plasmas can be attributed to the
mechanisms of plasma etching for the different gases. Different
plasma gases can have varied interaction mechanisms and diverse

6 | 2014, 00, 1-3
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Figure 8 Raman spectra for CVD graphene on Cu foils with the same post-
annealing (30 min) and etching times (10 min) with different gases.

ions in the plasma.®* Plasma is ignited by the large voltage
applied across the electrodes outside the plasma chamber, which
causes the free electrons to accelerate rapidly towards the anode.
When the electrons collide inelastically with the gas molecules, an
electron will be removed from the molecules and thus the gas will
then be dissociated or ionized. The removed electron continues to
be accelerated to the anode and collides with other gas molecules,
resulting in a cascading effect. The gas discharge causes excitation
and relaxation of gas molecules that releases energy in the form of
photons and thus causes the glow inside the chamber.

The process of etching is generally considered that which results
from radicals actively breaking the chemical bonding and reacting
with the substrate surface.> lons, however, can also cause energetic
bombardment or ejection of atoms from the surface, a process
referred to as sputtering. Oxygen will form highly reactive radicals
by molecule dissociation, resulting in an etching of the graphene,
while nitrogen can be ionized and form ions,>*° removing
graphene primarily through sputtering. Under exposure to air
plasma, graphene is expected to be both etched and sputtered by
oxygen, hydrogen, nitrogen, carbon and other atoms of trace gases
present in air.>® As there is high concentration of 78% of nitrogen
in air, one might expect the air plasma etching process to be
dominated by nitrogen. However, pure N, plasma showed a much
faster etching compared to air and oxygen plasmas.

Possible mechanisms for increased adhesion strength with
annealing

The time for complete removal of any residue is generally
correlated to the strength of the adhesion of the coating on the
surface.® The observed increase in the CET with annealing for Cu-
graphene systems, therefore, suggests significant improvement in
the interaction between graphene and Cu, and an improvement in
the mechanical properties of the interface. There is some
controversy in the literature regarding the value of the adhesion
strength between graphene and Cu,’° and on the nature of the
interaction leading to this value.

This journal is © The Royal Society of Chemistry 2014
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There are two main mechanisms that might be used to describe the
observed behavior with plasma etching of the graphene-Cu
interface: the process of Cu oxidation itself, or the reconstruction of
the Cu surface with annealing.

The CET as determined for N, etching seems to be due to the
removal of Cu oxides rather than the graphene layer. Yet, the trend
of increasing resistance to etch removal with annealing is observed.
As Cu is highly susceptible to oxidation, even at low temperatures,
it may be that the oxidation process itself leads to the increased
strength of the interaction between Cu and graphene.

Fundamentally, the oxidation of Cu can be described by the
Cabrera-Mott theory.%° Cu ions and electrons migrate to form the
oxide layer on the surface, leaving cationic Cu sites behind.®! The
strong electric field that results promotes further diffusion of Cu
ions to continue oxidation.®

In the composite Cu-graphene system, prolonged annealing may
provide more kinetic energy for Cu ion migration to areas where
graphene is absent (Figure 9). As the vacant Cu cation sites draw
Cu ions to the oxide-metal interface, they may pile up under the
graphene flake. This could result in a stronger coupling of C-1t
orbitals and Cu d-orbitals hybridization of the graphene-Cu
interface. This bunching of the Cu under the graphene layers as a
result of the oxidation electric field could explain the blue shift
observed in the 2D band with annealing (see Figure 5), previously
attributed to interfacial strain *°.

Another possible mechanism influencing the etch resistance of the
post-annealed system is the surface reconstruction of the Cu due to
annealing. Rapid contraction of the graphene upon cooling is
observed with high temperature  (>1000°C)  graphene
deposition?2%2?* due to the mismatch in the thermal expansion
coefficients.®®?” This is one of the possible mechanisms for the
formation of wrinkles widely observed in graphene-Cu
systems.?2172324 Chg et al and Tian et al.?®%° have seen that high
temperature post-annealing is able to partially heal the non-
equilibrium structure that results from high temperature growth.
Zhang et al.?? saw that the existence of steps in Cu under the
graphene lowers the adhesion. With annealing induced
reconstruction recovering the steps within a Cu grain® the
graphene wrinkles could relax, recovering the Moiré reconstruction
pattern®®. In the equilibrium structure, graphene is unwrinkled, and
flat graphene flakes are likely to have higher adhesion to the
surface compared to wrinkled ones.’®®? The observed blue shift,
attributed to interfacial strain *°, could also result in this case,

This journal is © The Royal Society of Chemistry 2014
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where the lattice mismatch in changed by the reconstruction of the
Cu surface. Though we use lower temperatures for our post-
annealing study, it is possible that a similar, though incomplete,
reconstruction is occurring in our samples. The increase in
interaction strength, as suggested by the robustness to etching, with
annealing time therefore could be correlated to the amount of
reconstruction.

Further work using friction measurements to clarify these
mechanisms is currently under way.

Conclusions

The graphene grown on Cu foil by high temperature CVD was
annealed after deposition, and exposed to various plasmas. The
post-annealing treatment alters the mechanical strength of graphene
adhering on the Cu foil, as shown by the increased resistance to
plasma etching. Raman spectroscopy confirms that the graphene is
damaged after the annealing and plasma treatments, but typically
not oxidized during these treatments. The samples were etched and
sputtered by air, oxygen, and nitrogen plasmas, yielding different
etch rates and appearance and uniformity of the graphene. Nitrogen
plasma has a much faster etch rate than air and oxygen due to the
mechanism of physical sputtering. For any given plasma however,
with post-annealing before plasma exposure, the graphene is harder
to remove due to the bonding between the graphene and Cu
substrate. Our results imply that etching of graphene on Cu can be
controlled by proper annealing and the right choice of plasma gas.
Plasma etching, with suitable process gas, appears to be an
effective method of estimating the impact of post-processing
effects on the mechanical properties of CVD graphene.
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