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T
he production of high quality gra-
phene films by chemical vapor depo-
sition (CVD) has demonstrated great

potential to supply the increasing demandof
this material for the realization of next-
generation electronics applications.1,2 These
graphene films ideally consist of either a
single layer or few layers of a two- dimen-
sional, hexagonal array of tricoordinate
carbon atoms. The utilization of the out-
standing properties of graphene is being
screened for a huge variety of applications,
such as transistors,3�5 sensors,6 actuators7

and flexible and transparent conducting
layers.8 From 2008 onward,9�11 the CVD of
graphene films on metal substrates like
copper11,12 and nickel,3,10,13 along with the
development of transfer techniques onto
target substrates,14�16 has advanced signif-
icantly and is considered for the scaling-up

of these methods.1 However, there are still
important issues to be addressed for a con-
sistent and scalable production of large area
high quality graphene films, ideally being of
single crystalline nature.17�21 These include
the uniformity and homogeneity of the
substrates, a growth chemistry preferably
free of elemental hydrogen and favorable
for industrial CVD protocols, i.e., in a pres-
sure range of ∼10�3 mbar to ambient
conditions.22,23 Also, substrate and growth
specific effects, such as, e.g., morphological
faults, variations in the nucleation density
and grain boundaries within the film influ-
ence and contribute to the limitations of the
sheet resistances and charge carrier mobi-
lities. These intrinsic factors of the graphene
layer need to be controlled in the growth
process itself before a films transfer onto
dielectric substrates for further electrical
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ABSTRACT The realization of graphene-based, next-generation electronic

applications essentially depends on a reproducible, large-scale production of

graphene films via chemical vapor deposition (CVD). We demonstrate how key

challenges such as uniformity and homogeneity of the copper metal substrate as

well as the growth chemistry can be improved by the use of carbon dioxide and

carbon dioxide enriched gas atmospheres. Our approach enables graphene film

production protocols free of elemental hydrogen and provides graphene layers

of superior quality compared to samples produced by conventional hydrogen/

methane based CVD processes. The substrates and resulting graphene films were

characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and Raman microscopy, sheet resistance and transport

measurements. The superior quality of the as-grown graphene films on copper is indicated by Raman maps revealing average G band widths as low as 18(

8 cm�1 at 514.5 nm excitation. In addition, high charge carrier mobilities of up to 1975 cm2/(V s) were observed for electrons in transferred films obtained

from a carbon dioxide based growth protocol. The enhanced graphene film quality can be explained by the mild oxidation properties of carbon dioxide,

which at high temperatures enables an uniform conditioning of the substrates by an efficient removal of pre-existing and emerging carbon impurities and a

continuous suppression and in situ etching of carbon of lesser quality being co-deposited during the CVD growth.

KEYWORDS: graphene . chemical vapor deposition . Raman microscopy . charge carrier mobility . scanning electron microscopy
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characterization. The latter step can be associated with
the introduction of further defects and unintentional
doping, too. For the CVD growth of graphene films,
especially the reliable removal of undesired and ubi-
quitous carbon from the starting substrate, the pre-
vention of uncontrolled graphene nucleation as well as
the suppression of low quality carbon co-deposition
are important challenges for an industrially relevant
CVD process. To date, reports on the graphene film
CVD on copper substrates still vary with respect to the
observed defects and reveal inconsistencies in the as-
grown and processed layers, which is, e.g., evidenced
by the Raman spectra, variations in sheet resistances
and electrical transport properties. One important
parameter for the graphene growth by CVD is the
quality of the copper substrates. Effects related to the
presence of copper oxides on the substrates were
recently discussed by Hao et al.24 to have a significant
influence on the graphene nucleation mechanism.25,26

The issue of carbon contaminants and its removal by
plasma assistedmethods was discussed by Kato et al.27

However, such continuous plasma processes involving
atomic hydrogen can alter the graphene structure itself
and induce further structural changes and defects.28,29

Carbon contaminations of undefined origin on copper
substrates are a general problem for a consistent and
reproducible graphene film growth, especially since
the metal purity is mostly specified on the metal basis
only. Currently, a thermal treatment of the metal
substrates in a hydrogen atmosphere prior to the
growth stage is described in most scientific reports
on CVD graphene for the conditioning of the substrate
to achieve a defined surface state.10 The chemical
nature of hydrogen is believed to be sufficient to
reduce and thereby remove carbon residues as well
as native oxides.25 However, we present evidence to
the contrary and describe how such carbonaceous
material can lead to an uncontrolled nucleation and
growth of poor quality carbon-rich films prior to the
actual graphene CVD growth. Therefore, a gas phase
etchant for carbon is needed, which eliminates any
ubiquitous and undesired carbon sources from the
substrates in situ, prevents uncontrolled graphene
nucleation and growth and removes co-deposited
carbon of lesser structural quality than graphene in a
mere thermal CVD process. We consider such a meth-
od, in combination with a growth process, extremely
valuable for advancing the CVD synthesis of graphene
films.
In this report, we (i) classify the behavior and batch

dependence of copper substrates commonly used for
the production of graphene films by surface character-
ization techniques with respect to the origin and
nature of adventitious carbon present or formed dur-
ing thermal treatment and its removal by hydrogen, (ii)
use carbon dioxide as a mild oxidant and chemical
reactant for the elimination of such unwanted carbon,

(iii) further develop this carbon dioxide based etching
procedure into a continuous CVD growth chemistry for
graphene films, and (iv) characterize the electronic
properties of selected films in field effect transistor
(FET) devices to demonstrate the high electronic qual-
ity of graphene grown by from the newly developed
growth protocols.

RESULTS AND DISCUSSION

For the mass production of large area coatings of
graphene films by CVD, economic copper substrates of
adequate quality are required. Therefore, different
standard grade commercial copper foils commonly
used for graphene CVD were screened in this study.
Three different batches of comparable quality, labeled
as B1, B2, and B3, were examined with further details
given in the experimental section. The substrate pre-
treatment and CVD growth presented here was per-
formed in gas atmospheres as subsequently described
at 1060 �C to enable a maximum thermal activation
without melting the copper substrates. The response
of these copper substrates to the applied procedures
and growth conditions under low-pressure thermal
CVD was characterized in a stepwise fashion to enable
a comparison with the results of graphene CVD growth
from commonly applied hydrogen/methane gas
atmospheres.
To better understand the individual effects, we fo-

cused on five topics: (i) how intrinsic sources of carbon
originating from the copper foils act upon hydrogen
and carbon dioxide pretreatment for carbon removal
(cf. Figure 1a�d); (ii) how a hydrogen and a carbon
dioxide based cleaning step prior to a conventional
hydrogen/methane based graphene CVD growth
process influences the film quality (cf. Figure 1e�h);
(iii) how hydrogen as well as carbon dioxide act upon
and etch a pre-existing graphene film (cf. Figure 2); (iv)
how a combination of the pretreatment and continuous
in situ etching with carbon dioxide enables the forma-
tion of higher quality graphene films from methane
(cf. Figure 4), and (v) characterize the electronic proper-
ties of selected films (cf. Figure 5).
Raman spectroscopy29�31 is a key metrology meth-

od for graphene characterization. It allows to deter-
mine its structural perfection by analyzing the
spectroscopic features of the D, G and 2D modes (like
their presence, line width and intensities) and can be
used as an efficient tool to correlate the quality of the
as-grown graphene films to the influence of the CVD
parameters. Postgrowth transfer steps of the graphene
films from the growth substrate onto other target
substrates can induce additional doping and defects
and thus do inhibit a straightforward correlation of the
Raman spectroscopic features of the transferred films
with the CVD parameters. Therefore, we have collected
representative overview Raman spectra from the as-
grown films on the copper substrates (cf. Supporting
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Figure 1. SEM pictures and distribution of Raman G band widths (DRGWs, cf. insets) for B1 and B2 copper substrates having
undergone different treatments as quoted in the figures at a temperature of 1060 �C. Gas flows (where applicable) for
hydrogen pretreatment 150 sccm; for carbon dioxide pretreatment 50 sccm; for graphene growth 150 sccm hydrogen/50
sccm methane. In the DRGWs, the green region highlights signals resulting from crystalline graphene, and the red region
those fromdisordered carbon. The positionof such signalswith respect to the features observed in SEM images is highlighted
by matching colored boxes in panel a. Red scale bars indicate 1 μm. Further details of a typical heating protocol are given in
Supporting Information Figure SI 5.
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Information) and performed Raman mappings of the
G-mode of these CVD graphene films. This Raman
mode can be well detected directly on the substrate
by excitation with conveniently available laser excita-
tion (e.g., 514.5 nm) and the local information gained
by mapping of the samples together with the G-band
line width distribution can be used as a characteristic
feature for a rapid screening for the presence of carbon
and the structural perfection of the CVD graphene
films.
Since intrinsic sources of carbon present in themetal

substrate will strongly influence the nature of the
graphene films produced by CVD, we therefore ana-
lyzed copper foils prior to any surface and heat treat-
ment via energy dispersive X-ray spectroscopy (EDX)
and Raman microscopy. The Raman spectra taken at
selected locations of B1 and B2 both contain broad D
and G bands with the 2D mode being absent and thus
indicate the carbon present is amorphous.29�31 These
carbon-like Raman signatures occur more frequently
on the surface of B1 copper (Supporting Information
Figure SI 1a) when compared to B2 copper (Supporting
InformationFigure SI 1b), where only isolated carbon
domains of micrometer size are detected. The observed
carbon peaks in the EDX spectra exemplarily taken from
representative copper substrates (Supporting Informa-
tionFigure SI 1c) further indicate carbon to be a ubiqui-
tous pre-existing impurity and present in the bulk of
even high quality copper grades.32

When B1 and B2 copper substrates were heated prior
to graphenegrowth in a hydrogen atmosphere typically
used for cleaning (cf. Figure 1a,b: 150 sccm hydrogen
flow for the whole process, 60min at 1060 �C), this pre-
existing carbon source is sufficient enough to form a
carbon-rich surface layer for certain batches of copper
like e.g., B1. According to the SEM image in Figure 1a
and Raman microscopy, the resulting surface consists
of graphitic island domains interspersed between
areas of disordered carbon, which actually is blocking
access of suitable growth species to the underlying
metal substrate. The distribution curve of the Raman

G band widths (DRGW; for calculation see Support-
ing Information) on this sample reveals two distinct
maxima, which are shaded in green and red for clarity
(Figure 1a, inset). The green area of the DRGW cor-
responds to regions exhibiting graphite crystal like
spectra and the red area to disordered carbon like
spectra (cf. Supporting Information Figure SI 2;
B1�H2�Crystal, B1�H2-Disorder). The green section
thus results from surface regions with graphitic struc-
tures leading to a distinct Raman signature with a
pronounced and narrowGband (DRGWapproximately
20.2 ( 2.0 cm�1) and a multicomponent 2D mode
indicating multiple graphene layers. On the contrary,
Raman data collected in between these graphitic
domains reveal broad D and G bands typical for a
noncrystalline carbon material (red section of the
DRGW plot). The source of the carbon from which the
graphite-like islands are formed appears to be intrinsic
to B1 copper, since such islands with similar DRGWs
can be observed by a mere heating of the substrate,
too. Comparative samples of B2 and B3 copper were
produced during the same hydrogen pretreatment as
for B1 (thus all three substrates underwent fully identical
conditions). In contrast to B1, SEMandRamananalysis of
B2 and B3 indicates that both samples do not dis-
play any crystalline carbon features on the surface
(Figure 1b and Supporting Information Figure SI 3a).
These result along with regularly observed carbon-
like Raman signals in B1 compared to B2 copper
(cf. Supporting Information Figure SI 1a,b) correlates
to this unwanted carbon film formation from ubiqui-
tous carbon sources and indicates the drawbacks of a
mere hydrogen pretreatment commonly used prior to
the growth of graphene films.
However, annealing copper foils from different

batches in a mere carbon dioxide atmosphere for the
same time and temperature (cf. Figure 1c,d: 50 sccm
carbon dioxide flow for the whole process, 60 min at
1060 �C) removes this carbon film from B1 copper and
makes the surface suitable for graphene growth.
We consider this as a significant finding for the

Figure 2. For all samples, a distribution of Raman G band widths (DRGWs) is given as an inset wherever applicable. Red scale
bar indicates 1 μm. (a) SEM image from 'Sample X' revealing island-like graphene growth (B1 copper substrate, pretreated for
60 min in 150 sccm hydrogen flow followed by graphene growth for 270 min from a mix of 50 sccm methane/150 sccm
hydrogen at 1060 �C); (b) SEM image from'�Sample Xþ H2; which still exhibits island-like graphene on the surface despite an
extra heat treatment with 150 sccm hydrogen flow at 1060 �C for 60 min; (c) SEM image from 'Sample X þ CO2' from a heat
treatment with 50 sccm carbon dioxide for 60 min at 1060 �C. The graphene and surplus carbon were fully removed and no
Raman signals were detectable (cf. Supporting Information Figure SI 3c).
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development of batch-independent growth protocols
for high quality graphene films to reduce defects arising
from uncontrolled carbon formation. An SEM analysis of
the surface morphology reveals stepped features as
shown in Figure 1c and a similarmorphology and surface
structures are observed for B2 copper (Figure 1d) and B3
(cf. Supporting Information Figure SI 3b) treated for the
same conditions with carbon dioxide.
On the basis of the previous discussed observations,

the influence of either a hydrogen or a carbon dioxide
pretreatment followed directly by a graphene film
growth from a hydrogen/methane mixture is now
being compared (pretreatment: 60min at 1060 �Cwith
either 150 sccm hydrogen or 50 sccm carbon dioxide;
growth for 60 min from 150 sccm hydrogen/50 sccm
methane). In the case of a hydrogen pretreatment, the
island-like graphene domains remain for B1 in such a
growth process, as indicated by the sample morphol-
ogy in the SEM (cf. Figure 1e), while the DRGWs are
highlighting the quality of the resulting film with the
distribution showing two peaks similar as in Figure 1a.
For a substrate of B2 copper subjected to the same
treatment and growth conditions, Figure 1f reveals
that the island-like growth is not present and the
DRGW exhibits a single peak in the crystalline gra-
phene region and indicates the formation of a homo-
geneous graphene film. This striking inconsistency in
the graphene quality obtained from two batches of
copper seemingly very similar in chemical composition
after undergoing the same growth protocol is undesir-
able for any process carried out for scientific research
or on industrial scale. It is evident that an uncontrolled
buildup of a carbon surface layer formed during the
pretreatment step (cf. Figure 1a, B1) will subsequently
hamper the access of any gas phase growth species to
the underlying metal substrate.
We believe that the problematic presence of carbon

either in the bulk or on the surface can be ascribed to
contaminations from the metal substrate production
process and organic residues, e.g., originating from
protecting agents. These materials will only partially
be affected by wet-chemical solvent-based preclean-
ing steps. As demonstrated, these impurities give rise
to the buildup of uncontrolled carbon layers by gen-
erating volatile growth species in a hydrogen atmo-
sphere. It is to be noted, that such carbon sources are
generally believed to be removed by the hydrogen
pretreatment commonly applied in the state of the art
of CVD graphene production. However, we have pro-
ven by the results from the CVD synthesis of graphene
on the pretreated copper samples as described above
this to be not the case.
Therefore, the removal of such carbon sources is

imperative for the conditioning and consistent produc-
tion of high quality graphene on these substrates. It
was explored if a mere carbon dioxide pretreatment
(60 min, 50 sccm, 1060 �C) prior to the growth step

(60 min, 150 sccm hydrogen/50 sccm methane,
1060 �C) can serve this purpose. The Figure 1g,h depict
themorphologies of graphenefilmsgrownonB1andB2
copper obtained from this procedure. The SEM images
reveal now a consistent behavior for both batches,
while the island-like patches as previously observed for
the case of B1 copper observed by hydrogen pretreat-
ment are absent. Also, the DRGWs exhibit a single,
symmetrical peak with a similar average peak position
for both samples of 22( 6 cm�1 (B1) and 20( 5 cm�1

(B2), respectively. In particular, these two values are
lower than the 25 ( 9 cm�1 derived for graphene
growth on B2 copper after hydrogen pretreatment
only (cf. Figure 1f, inset), indicating an improved
graphene quality also in this case (cf. exemplary Raman
spectra in Supporting Information Figure SI 2).
For a proof of concept, the influence of hydrogen

and carbon dioxide on pre-existing CVD graphene was
additionally characterized. For this purpose, a gra-
phene film grown under standard conditions on B1
copper (pretreatment, 150 sccm hydrogen flow, 60min,
1060 �C; graphene growth, 150 sccm hydrogen/50
sccm methane, 270 min, 1060 �C) was first analyzed
by SEM and Raman microscopy and then subjected to
either a hydrogen or a carbon dioxide atmosphere at
high temperature (Figure 2). The SEM and DRGW data
indicate for this graphene film on copper (referred to as
'Sample X', cf. Figure 2a) an island-like morphology of
graphitic carbon to bepresent, too, which persists even
up to these long growth times. The DRGW exhibits a
similar bimodal peak distribution as observed for this
type of copper substrate for shorter growth times (cf.
Figure 1e). After this characterization,�Sample X was
split into two sections. One section was subjected to
a post-treatment in a mere hydrogen atmosphere
(60 min, 150 sccm flow, 1060 �C; labeled 'Sample
X þ H2

�'), while the other section was treated in a car-
bon dioxide atmosphere (60 min, 50 sccm, 1060 �C;
labeled 'Sample X þ CO2').
The morphology of the sample obtained from

the postprocessing in a hydrogen atmosphere (cf.
Figure 2b; 'Sample X þ H2

�') exhibits a similar island-
like film structure as observed for the as-grown gra-
phene film (cf. Figure 2a; 'Sample X') with a comparable
characteristic bimodal DRGW with slightly reduced
contributions of modes at higher half widths. This
clearly constitutes further proof for hydrogen not to
be sufficiently suitable to remove graphene, graphitic
carbon and carbonaceous deposits under the applied
thermal conditions. On the contrary, the applied car-
bon dioxide treatment fully removes the graphene film
and the SEM data (cf. Figure 2c; 'Sample X þ CO2')
reveal a clean copper surface of a step-likemorphology
without any carbon detectable by Raman spectrosco-
py. Selected Raman spectra were extracted from the
mapping and proof the absence of any carbon on
this sample (cf. Supporting Information Figure SI 3c).
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These findings unambiguously highlight the reprodu-
cible ability of carbon dioxide to etch off carbon form
the copper substrates in a gas phase reaction better
than hydrogen.
We also verified the effect of pretreating the sub-

strates in mixed atmospheres composed of hydrogen
and carbon dioxide to investigate possible synergistic
effects.
In Figure 3, the bar chart summarizes the Raman

mapping data for a statistical evaluation of the Gmode
of graphene films grown on B1, B2 and B3 copper
substrates in situ directly after high temperature pre-
cleaning procedures in a hydrogen atmosphere, in a
hydrogen/carbon dioxide mixture and in a carbon
dioxide atmosphere (cf. representative Raman spec-
tra for each procedure in Supporting Information
Figure SI 2). The average Raman G bandwidth de-
creases for graphene films on all copper batches when
carbon dioxide is introduced into the pretreatment
step (either in a mixed or pure state) and indicates an
enhancement of the graphene film quality. The most
significant improvement is observed in the Raman
spectrum and width of the G band for a film grown
on B1 copper, which becomes completely graphene-
like once the growth-limiting carbon film is removed
by carbon dioxide in the substrate pretreatment stage.
However, the postgrowth analysis indicated that car-
bon dioxide is the main driving force for the improved
surface cleaning since the quality of the graphene
samples synthesized on such copper foils remains
virtually unaffected as compared to pure carbon diox-
ide annealing.
With the experiments reported above, we could

demonstrate that organic residues, which are present
on the surface or as inclusions in the bulk and may
originate from the foil production process, together
with other sources of ubiquitous carbon can lead to the
formation of morphological changes on the surface

during the high temperature process and, more
importantly, give rise to the buildup of pyrolytic
nongraphitic carbon films by generating volatile
growth species in a hydrogen containing atmosphere.
Such carbon sources are generally supposed to be
removed by the hydrogen pre- treatment, which ap-
parently is not the case even by extending the reaction
times (cf. Figure 2a,b).With our experiments, we further
confirmed the oxidizing nature of carbon dioxide
toward carbon and carbonaceous matter and its im-
proved ability to efficiently remove such matter in
comparison to the conventionally used thermal hydro-
gen pretreatment. The copper substrates still retain
their metallic character on the surface by the high
temperature pretreatment in a carbon dioxide atmo-
sphere, since directly after such an exposure no traces
of copper oxides were detectable by Raman spectros-
copy (cf. Supporting Information Figure SI 3c). Carbon,
e.g., on the substrate surface or expelled from the bulk,
can react even during thermally activated processes,
with carbon dioxide and is being converted into car-
bon monoxide, a reaction described as the Boudouard
equilibrium and of importance for CVD.33�35 This
reaction (C þ CO2 T 2CO) is a textbook example for
a reversible chemical equilibrium of general impor-
tance in chemistry and describes the reaction of
solid carbon with carbon dioxide to form carbon
monoxide (or equally implying carbon can be formed
in a reverse reaction by disproportionation of carbon
monoxide). The reaction pathway (dissolution of car-
bon by carbon dioxide or carbon formation from
carbon monoxide) is temperature- and pressure-de-
pendent and here we used an excess of carbon dioxide
at high temperatures to remove traces of carbon by
applying this chemical equilibrium. Thus, the use of
this chemistry leads to a removal of undesirable pre-
existing carbon from the substrates as well as carbon
formed during the initial stage prior to the actual
growth step. The data from the previously discussed
set of experiments indicate that the removal proceeds
faster with defective and less structured carbon due
to kinetic effects. In addition, carbon rich solids
(generalized as CxHyOz) may be formed during the heat
treatment form organic residues, which react with
carbon dioxide in a similar manner, but with the forma-
tion of further byproducts likewater and volatile oxygen
containing hydrocarbon species. Small features occa-
sionally occurring in SEM on the film surface, e.g., in
Figures 1 and 2, are comparable to those observed by
others (e.g., Kim et al.36).
In the previous section of our discussion, we demon-

strated how carbon and carbonaceous sources being
present in copper foils used for graphene CVD strongly
influence the quality of the resulting films. Especially,
the uncontrollable formation of carbon of inferior
quality to graphene, either being deposited from the
gas phase or being extruded from the bulk copper

Figure 3. Bar charts of average Raman G band widths
extracted from the correspondingDRGW for graphene films
produced on B1 copper (blue), B2 copper (red) and B3
copper (green). Samples were obtained from gas pretreat-
ments for 60 min at 1060 �C as specified before subsequent
in situ graphene growth from 50/150 sccm CH4/H2 for
60 min at the same temperature.
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hinders the formation of a complete layer of high
quality graphene. Such a carbon formation is fully
suppressed in a carbon dioxide atmosphere in contrast
to a hydrogen pretreatment.
After investigation of the role of carbon dioxide

during the first stages of the CVD graphene process
we further extended our experiments to the actual
growth stage. Hydrogen not only seems to have a
limited effect during the thermal annealing procedure
but is also in general considered to be detrimental to
the speed and quality of graphene production on
copper substrates, since it enables the formation of
sp3- bound carbon species, too.37 Furthermore, the use
of hydrogen is associated with an additional risk
potential, which needs to be considered for the in-
dustrial scaling of graphene film production with CVD
techniques. We consequently considered implement-
ing the beneficial properties of carbon dioxide into a
hydrogen-free growth protocol.
So far, there are few reports on hydrogen free CVD

protocols for the controlled growth of nondoped
graphene38 under non-UHV conditions, such as e.g., a
rapid thermal CVD with methane as a precursor8 or a
carbon dioxide�acetylene based approach to improve
the graphene quality.39 However, commercial acety-
lene is a source of other C�H�O species, notably
acetone. This agent is used as a storage stabilizer and
can act as a CVD precursor for graphene growth by
itself40 besides further uncontrolled reactions with the
preset CVD gas atmosphere at high temperatures. To
avoid any unwanted side effects, we focused on a CVD
process with fully controlled precursors and param-
eters by using carbon dioxide andmethane as the only
reactants for the synthesis of the graphene film. We
performed three different experiments to elucidate the
potential of a carbon dioxide based graphene growth
[(i) hydrogen pretreatment�methane only growth; (ii)
carbon dioxide pretreatment, methane only growth;
and (iii) carbon dioxide pretreatment, methane/carbon
dioxide combined growth].
The results obtained for these set of experiments

are summarized in Figure 4 for B2 copper substrates
and in Supporting Information Figure Si 4 for B3 sub-
strates. Figure 4a displays the heating protocol for a
control experiment of a copper substrate (B2) with a
hydrogen pretreatment followed by growth with neat
methane at 1060 �C. The sample from this protocol
exhibits a characteristic graphene-like Raman spec-
trum (cf. Figure 4b). The inset of Figure 4b reveals,
however, the presence of defects indicated by the
Raman D band and the DRGW of the G-band results
in an average value of 27 ( 10 cm�1. This value is
slightly higher those of 25 ( 9 cm�1 previously deter-
mined for a hydrogen pretreatment with subsequent
graphene growth from a hydrogen/methane mixture
on B2 copper (cf. Figure 1f), thus proving the film
to be of a lesser quality in this case when elemental

hydrogen is not provided within gas atmosphere dur-
ing the growth step. For B3 copper, the quality of the
resulting Raman spectrum is even weaker (cf. Sup-
porting Information Figure SI 4a,b). Figure 4c depicts
the heating and gas phase protocol for an additional
control experiment of a B2 copper substrate pre-
treated in a carbon dioxide atmosphere prior to
graphene growth from neat methane. The result-
ing film gives rise to a characteristic graphene-like
Raman spectrum (Figure 4d), too. Compared to the
previous hydrogen pretreated sample (cf. Figure 4b),
the intensity of the D band is reduced here (Figure 4d,
left inset). The DRGW reveals an average of 22 (
10 cm�1, which is slightly higher than the value of
20 ( 5 cm�1 extracted from the data of a sample
obtained by carbon dioxide pretreatment followed by
an in situ graphene growth in a hydrogen/methane
mixture (cf. Figure 1h). The DRGWs in Figure 4b,d both
exhibit a shoulder toward higher line width in the
distribution curves, which can be explained by the
buildup of disordered carbon while the graphene
growth proceeds in the absence of hydrogen.
Therefore, considering the etching ability of carbon

dioxide on carbon described before, it was fed in
repeatedly into the growth stage in order to remove
in situ formed and co-deposited disordered carbon.
This growth protocol is free of elemental hydrogen and
consists of a pretreatment of the B2 copper substrate in
a neat carbon dioxide atmosphere, followed by three
repetitive treatments in a flow of neat methane for
10 min prior to the flow of a carbon dioxide/methane
mix also applied for 10 min each (cf. Figure 4e). The
resulting sample exhibits a typical graphene Raman
spectrum (cf. Figure 4f) and the Raman D band be-
comes negligible (Figure 4f, left inset). By this pulsing
procedure, also the DRGW distribution can be further
improved since the shoulder toward larger line widths
is no longer present and an average value of 18 (
8 cm�1 is obtained. This value is comparable to other
literature12 and lower than the other DRGW values
obtained in the present report. For B3 copper, similar
results were achieved (cf. Supporting Information Fig-
ure SI 4), indicating that the applied procedure leads to
reproducible graphene film qualities irrespective of the
substrate batches.
Noteworthy, the pulsing sequence results in a high

quality graphene film, whereas a continuous growth
experiment with an average gas flow of equal total
amounts (i.e., 50 sccm methane, 12.5 sccm carbon
dioxide; 60 min, 1060 �C in situ applied after the
precleaning with carbon dioxide) results in no gra-
phene formation and carbon deposition. This indicates
that the improved quality of the graphene film is rather
obtained from the final step of the carbon dioxide
pulsing sequence (cf. Figure 4e,f). Thus, a reduction of
the carbon dioxide content becomes evident. First
results on further tuning the pulsed process into a
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continuous growth process lead to samples with high
quality graphene on the copper substrate (e.g., by
50 sccmmethane, 3 sccm carbon dioxide at the growth
stage at 1060 �C). This is indicated by a defect free
Raman spectrumof the as-grown sample on copper (cf.
Supporting Information Figure SI 6) with a G band-
width of approximately 16 cm�1, which is comparable
to the line width of the G mode of a HOPG film
measured under the same conditions as a reference.
Whereas the CVD with neat methane leads to a film
deposition with a high D-mode contribution (cf. ref 38),
but the addition of a moderate carbon dioxide content
to the methane gas phase results in a high quality
graphene spectrum without detectable D- mode con-
tribution (cf. Supporting Information Figure SI 6), and
an even higher carbon dioxide to methane ratio leads
to no graphene and carbon deposition (cf. previous
discussion and Figure 2c), the kinetic effect of a faster

removal of defective carbon deposits compared gra-
phene dissolution is obvious (there is no D- mode
observed in Supporting Information Figure SI 6). For
a comparison, in Supporting Information Figure SI 7
representative Raman spectra of a stronger carbon
contaminated copper substrate are displayed after
carbon dioxide pretreatment.
To characterize the influence of the modified proto-

cols on the material properties of the graphene films
we selected two graphene film samples grown on B2
copper for electrical characterization. The first sample
underwent carbon dioxide annealing and hydrogen/
methane growth (see heating protocol in Figure 2e)
and the second sample was produced according to the
procedure described in Figure 4e, essentially avoiding
any hydrogen during the entire process. The graphene
films were transferred by a standard poly(methyl
methacrylate) (PMMA) assisted wet-transfer approach

Figure 4. (a, c, and e) Heating protocols summarizing different annealing conditions followed by hydrogen-free graphene
growth procedures on B2 copper. (b, d, and f) Single representative Raman spectra from each experiment. Left inset:
normalized Raman D band spectrum from themain spectrum. Right inset: DRGW plots extracted from Ramanmaps taken on
each sample, respectively.
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onto silicon wafers coated with silicon dioxide for the
characterization of the electronic properties. Electrical
measurements were performed in a field-effect tran-
sistor (FET) top-gate geometry (Figure 5a) with ther-
mally evaporated gold source/drain contacts. The
width W of the transistor channel was 2000 μm, its
length L 100 μm. The ionic liquid gel (ILG) was based
on a poly(vinylidene fluoride-hexafluoropropylene)
polymer matrix and 1-ethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide as the ionic liquid.
Figure 5b displays the transfer curves of FETs based
on graphene grown from the two carbon dioxide
assisted methods. The Dirac points in both samples
are very close to each other (�0.53 V for hydrogen/
methane growth vs �0.72 V for carbon dioxide/
methane growth) indicating n-doping in both cases.
The position of the Dirac point41 is similar to that
observed in a previous work on IL-gated graphene in
which mechanically exfoliated graphene was used.42

The charge carrier mobility μ has been calculated
according to previously established protocols via the
formula μ = (neF)�1,42 where n is the charge carrier
density, e is the electron charge, and F is the resistivity.
The mobility is plotted as a function of doping density
in Figure 5c. For our calculations, we have used a gate
capacitance C of 10 μF/cm2 that was derived from C�V

measurements on one of the devices. Graphene pro-
duced with the carbon dioxide/methane protocol ex-
hibits a larger μ than graphene grown with the
standard hydrogen/methane growth mixture. Specifi-
cally, at a charge carrier density of 1012 cm�2, we
calculate a mobility for the carbon dioxide/methane
(hydrogen/methane) growth process of 1557 cm2/(V s)
(1379 cm2/(V s)) for holes and 1975 cm2/(V s)
(1391 cm2/(V s)) for electrons. Compared to electro-
chemically gated exfoliated graphene, this value is
three times larger than observed previously42 high-
lighting electrical quality of our graphene films. Our
mobility values are comparable to the 2700 cm2/(V s)
described in CVD work elsewhere using back-gated

devices and a graphene from standard hydrogen/
methane based protocols43 The mobility values are
however lower compared to the 5290 cm2/(V s) ob-
served for CVD graphene from a hydrogen-free proce-
dure in which the sample was transferred by a thermal
release tapemethod8 and the 5100 cm2/(V s) (effective
Hall mobility) observed for CVD graphene transferred
by roll-to-roll techniques.14

To further investigate the electrical properties over a
larger scale, averaged four-point sheet resistance mea-
surements were taken on both samples and yielded
values of 0.92( 0.07 kΩ/0 (1.04( 0.05 kΩ/0) over the
2.5� 2.5 cm chip size for the carbon dioxide/methane
(hydrogen/methane) based protocols, respectively.
Again favorable results are observed from the carbon
dioxide/methane based protocol indicating the good
quality of the graphene. The sheet resistance values for
both protocols are higher than those quoted else-
where (0.2�0.3 kΩ/0) for both hydrogen-containing14

and hydrogen-free8 processes. This can be explained
by the low level of doping observed within the films of
this study and by the impact of the transfer protocols
on the doping. The convergence of the sheet resis-
tance values when measured on millimeter scales is
likely due to the presence of defects on the rims of
mesoscale graphene domains and defects induced
during the transfer stage.44

CONCLUSION

The use of carbon dioxide in the synthesis of gra-
phene by CVD enables a uniform preconditioning of
differently behaving copper substrates of comparable
quality and results in the formation of high quality
films.Wehave found that graphene can begrown even
on heavily “carbon-contaminated” copper foils from
various batches by pretreatment of the copper sub-
strates in a carbon dioxide atmosphere and developed
a growth protocol on carbondioxide/methane only,
free of elemental hydrogen for graphene films. Aver-
age Raman G band widths as low as 18 cm�1 could be

Figure 5. (a) Schematic cross section of the used setup for electrical characterization. (b) Transfer characteristics and
(c) density dependence of the charge carrier mobility of graphene produced via two procedures. The first procedure (blue
lines) involved a precleaning stage in carbon dioxide followed by growth with hydrogen/methane (cf. Figure 1e), the second
procedure (red lines) involved a precleaning stage in carbon dioxide followed by growth with carbon dioxide/methane
(cf. Figure 4e).
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extracted from DRGW plots and the half width of all
constituting 2D band features is of approximately
31 cm�1. Electron charge carrier mobilities of up to
1975 cm2/(V s) were observed for transferred films on
Si/SiO2. We could demonstrate how a carbon dioxide
based CVD growth chemistry allows the removal of
multiple carbon impurities from copper substrates
commonly used in the field and enables a consistent,
scalable and uniform growth of high quality graphene
films irrespective of the substrate nature. A comparable
effect could not be observed by thermal hydrogen
pretreatment which is currently the used in most
reports on CVD graphene production. A failure to
remove carbon impurities prior to the growth step is
proven to seriously inhibit the subsequent CVD syn-
thesis of high quality graphene films and results in an
incomplete coverage and the presence of disordered

carbon on the surface. These limiting factors are
addressable by the CVD parameters and influence
the individual domain sizes and grain boundaries,
sheet resistance and carrier mobility of the graphene
films, whereas the latter two are affected by subse-
quent wet chemical transfer techniques, too.
The further investigation of the parameter range of

scalable and less hazardous carbon dioxide based,
pulsed or continuous growth protocols will allow
to understand the selective etching of less ordered
sp2-carbon phases and non-graphene type carbon by
carbon dioxide in more detail, and the screening and
correlation of the transfer methods with the electrical
properties are considered key next steps toward the
reproducible production of high quality graphene
films on target substrates for devices and commercial
applications.

METHODS

All copper foils were purchased from Alfa Aesar and had a
common 0.025mm (0.001 in) thickness and 99.8% (metals basis)
purity. Batch 1 (B1), product no. 46986, annealed, uncoated.
Batch 2 (B2), product no. 13382, annealed, coated. Batch 3 (B3),
product no. 46365, annealed, uncoated. For reference in Sup-
porting Information Figure SI 1c, a high purity copper substrate
was screened, too (Alfa Aesar product no. 42972, 99.9999%
purity, 0.05 mm).
For CVD experiments B1, B2, and B3, copper foils were heated

for times at temperatures and under gas compositions as
described in the text. Foils were cleaned two times with
dichloromethane (Sigma-Aldrich, Product number: 270997, an-
hydrous,g99.8%, contains 50�150 ppm amylene as stabilizer),
in two separate baths. The foils were then allowed to dry in air
before being loaded into a quartz glass tube furnace. The
substrates were suspended on quartz glass holders in the gas
flow and the system leak rate was maintained below a value of
0.25 mbar/hour prior to the experiments. A heating rate of
20 K/min was applied for reaching the top temperature and
accurate temperature readings were made by using thermo-
couples situated on the outside and the inside the tube furnace.
The maximum discrepancy between the outside and internal
thermocouples was approximately þ18 �C (according to an
internal temperature of 1078 �C) at the growth temperature of
1060 �C (2% difference). The gas flow during the processes was
controlled by mass flow controllers with a tolerance of 2%. The
pressure values were measured using Pirani gauges (Pfeiffer
Vacuum, TPR 281) and verified to bewithin 10% accuracy via the
use of capacitive gauges (Pfeiffer Vacuum, CMR 361,365) in
parallel [system base pressure, 2 � 10�3 mbar; representative
Pirani- and capacive sensors pressure readings for 150 sccm H2,
0.44/0.31; 150 sccm H2 þ 50 sccm CH4, 0.74/0.54; 50 sccm CO2,
0.16/0.15; 50 sccm CH4 þ 3 sccm CO2, 0.22/0.14)].
Raman mapping was carried using a NT-MDT NTEGRA spec-

trometer using a 100� optical objective with an average spot
size of around 1 μm. A laser excitation wavelength of 514 nm
was used, the diffraction grating used had 600 lines/mm and
resulting in a spectral resolution of approximately 1 cm�1.
During all measurements, there was no observation of the
Raman laser altering the sample composition or causing sample
burning (observed by monitoring the spectra from a single
point repeatedly over time during the focusing process). Fits to
the G band were carried out using a standard Lorentzian line
shape. Typically, three Raman maps of 20� 20 data points over
a 20 μm� 20 μmareawere collected from each sample, and the
G bandwidth from all these scans was grouped into histogram
bins and the mean value (μ) and standard deviation (σ) were

extracted from a normal distribution fit to this data. Data from
spectra where the fit process fails are filtered from the histo-
grams and mean value calculations.
Scanning electron microscopy (SEM) was performed with a

Zeiss LEO 1530 and energy dispersive X-ray spectroscopy (EDX)
was performed with a Gemini at 1.0 keV and Hitachi SU8000
at 1.0 keV.
For the electricalmeasurements, graphenewas transferred to

Si/SiO2 wafers (300 nm of SiO2) via a wet transfer method using
a spin coated (2000 rpm, 1min) poly(methyl methacrylate) layer
(PMMA, molecular weight 996000, 10 wt % solution in toluene)
to add structural stability to the graphene film. Ammonium
peroxodisulfate solution (3 g per 100 mL deionized water) was
used to etch off the copper substrate. The PMMA�graphene
stack was then rinsed three times with deionized water to clear
excess etching solution before transfer to the Si/SiO2 substrate.
The PMMA layer was then removed using an acetone bath.
The electrical measurements were performed in a top contact

top gate geometry (Figure 5a) using thermally evaporated gold
contacts with a W/L ratio of 20 as source/drain contacts and an
ionic liquid gel (ILG) based on a poly(vinylidene fluoride-
hexafluoropropylene) matrix and 1-ethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide room-temperature ionic liquid
as gate dielectric. A drop of poly(3,4-ethylenedioxythiophene)�
polystyrenesulfonate (PEDOT:PSS) was placed on top of the ILG
to allow for easier contacting of the ILG via probe needles. All
measurements were performed in ambient air.
For four-point sheet resistance measurements, the same

transfer process was used. The samples were contacted with a
linear four-pint Jandel probe (1 mm needle spacing) and a
Keithley 2400 Sourcemeter was used to obtain resistance values
on 10 points covering the sample area. The average of these
values (R) was then converted to a sheet resistance (R0) using

R0 ¼ π

ln 2
R
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