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Graphene’s impact on future applications is intimately linked to
advances in the synthesis of high quality materials. Chemical vapor
deposition (CVD) shows great potential in this area but insuﬃcient
connectivity between single-crystalline domains deteriorates the
achievable electrical and mechanical performance. We here
demonstrate that the inter-grain connectivity can be signiﬁcantly
improved by adding a second material in the vicinity of the growth
substrate. This promoter decreases the amount of structural
defects that remain at the grain boundaries of conventionally
grown graphene even after 6 hour growth. A two-step growth
process was employed to selectively enhance the grain connectivity while maintaining an identical graphene grain morphology
with and without a promoter. Graphite was found to yield the
largest enhancement in the connectivity of graphene grains due to
its high catalytic activity compared to other promoter materials. A
novel cap-design ensured a large scale and uniform improvement
of the inter-grain connectivity results which led to an enhancement of large scale carrier mobilities from 2700 cm2 V−1 s−1 to
4000 cm2 V−1 s−1 and highlights the potential of our approach to
improving the connectivity of CVD-grown graphene.

Introduction
Graphene is a two-dimensional material that consists of a
single atomic layer of carbon atoms.1 Due to its unique electronic and mechanical properties, it has been heralded as an
enabling material for novel electronic devices, optical components, and biological sensors.2,3 Breakthroughs in those
areas rely on the scalable synthesis of high quality graphene
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films.4 Chemical vapor deposition (CVD) is a promising route
for achieving this goal5,6 and the microscopic device performance comparable to exfoliated graphene samples has been
reported.7,8
The performance of large-scale graphene films, however, is
deteriorated by grain boundaries and defects.9–13 Tsen et al.14
observed that the connectivity between neighboring grains is
the most important parameter in carrier transport and attributed diﬀerences in the growth process for increasing their connectivity by one order of magnitude. It was found that the
electrochemical response of graphene was severely deteriorated
by the presence of structural defects between graphene
domains which expose the underlying substrate15–17. Finally,
failure under mechanical stress was observed to originate from
weak points in the grain boundaries.18,19 A recent approach to
overcoming these issues is to avoid polycrystallinity altogether
by producing large single-crystalline grains through nucleation
control.20,21 This method, however, is not easily scalable
beyond the centimeter-size and improving the grain connectivity remains an important issue.
One determining factor for the quality of the inter-grain
connection is the graphene growth kinetics. Previous reports
showed that the growth rate of graphene decreases as the distance between the neighboring grains shrinks and results in
unfilled areas at the grain boundaries.22,23 The competition
between the graphene coverage and the growth rate originates
from the deactivation of the catalyst substrate by the outgrowing graphene and represents a fundamental aspect of surfacecatalyzed growth as observed on commonly employed Cu or Pt
catalysts.24
A second catalyst was found to overcome this issue through
a process of distributed catalysis.24 In this scheme the second
catalyst acts as a promoter for the Cu-catalyst by providing
carbon radicals. We here demonstrate that the use of a promoter not only improves the growth kinetics of graphene but also
enhances the connectivity of neighboring grains. A two-step
growth process was employed where graphene was first grown
without a promoter until the maximum coverage had been
achieved. Subsequent growth with a graphite promoter was
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found to uniformly decrease the density of structural defects
across the whole sample as characterized by Raman spectroscopy and corrosion tests. The improved inter-grain connectivity results in an increase in large-scale Hall mobility from
2500 cm2 V−1 s−1 to 4000 cm2 V−1 s−1 which indicates the
potential of our approach.

Experimental
Graphene synthesis was conducted on copper foil (99.8%, AlfaAesar, no. 46365) following previous reports.25 Briefly, electrochemical polishing in an electrolyte containing H3PO4 (85%)
was employed to control the morphology of the copper foil.26
After electropolishing treatment, the copper was washed with
copious amounts of deionized water and dried with N2. The
pretreated Cu foils were then used to carry out graphene
growth. First, the foils were annealed under a hydrogen atmosphere for 70 min to initiate Cu grain growth and to remove the
organic residue and surface oxide. Graphene growth was conducted at 1030 °C in a gas mixture of H2 (200 sccm) and CH4 (10
sccm) for various times and rapidly cooled under 10 sccm
hydrogen flow.
To characterize the coverage of graphene, both air oxidation
of copper27 and film-induced frustrated etching (FIFE)22 were
employed. Air oxidation was performed by heating the graphene/Cu sample to 200 °C for 10 min using a hot plate. For
FIFE-characterization graphene samples were etched by
immersing the sample in ammonium persulfate (APS) (Transene, APS-100 Copper etchant) for 10 seconds, washed with
deionized water and dried with N2. OM images were obtained
afterwards for each sample and image processing was conducted to quantify the etch pit coverage.
For further analysis, graphene was transferred from Cu
to SiO2/Si wafers and quartz plates using polymethylmethacrylate (PMMA) as a supporting layer and APS as the Cu
etchant.28
Electrical properties were analysed on 1 × 1 cm samples in
van-der-Pauw-geometry and the sheet resistance and Hall
mobility were extracted. Measurement of the graphene quality
using Raman spectroscopy was carried out in a home-built
Raman system using a 532 nm laser with a power of 6.4 mW.
10 spectra were recorded on each sample with equal spacing
and the results were averaged from individual fits.
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We therefore designed a two-step growth process that minimizes the diﬀerence in morphology for graphene grown with
and without a promoter. In the first step, graphene was grown
without a promoter. The growth duration was chosen to
ensure the maximum achievable graphene coverage and limit
the amount of uncovered regions. In the second growth step a
promoter was introduced to enhance the growth kinetics.
Since this step was carried out at almost complete coverage,
the nucleation of new grains is expected to be negligible and
the main eﬀect of the promoter is to enhance the connectivity
of the previously grown films (Fig. 1).
We first establish the morphology of graphene grown
without a promoter by analyzing the coverage of graphene
using copper oxidation27 and FIFE etching tests.22 Briefly, both
tests reveal the presence of the graphene film by its ability to
protect the underlying copper substrate from oxidation in air
or from an etchant.
Both characterization techniques show an increase in graphene coverage for longer growth durations (Fig. 2(a)). Interestingly, oxidation in air shows no discoloration of the graphenepassivated copper foil after 20 minutes growth (ESI Fig. S1†)
suggesting that the graphene is continuous. Exposure of the
graphene/copper structure to an etchant, on the other hand,
shows an under-graphene-coverage (UGC) of only 90%. This
diﬀerence in coverage originates from the previously reported
amplification of nanosized structural defects and openings by
under-etching for FIFE.22 The sensitivity of this technique to

Fig. 1 Representation of the two-step growth process and its inﬂuence
on the grain connectivity.

Results and discussion
To demonstrate the influence of a promoter on the connectivity of grains, other eﬀects of the promoter have to be
limited. One important factor to consider is the morphology of
graphene in the presence of a promoter. The expected increase
in carbon radical concentration results in larger nucleation
densities of grains which would result in smaller domain
sizes and obscure the eﬀects of the enhanced inter-grain
connectivity.29
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Fig. 2 Coverage of graphene vs. growth time analyzed from (a) (1) air
oxidation (2) APS etching, (b) optical images of APS etched morphology
after diﬀerent growth durations.
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graphene defects that are otherwise undetectable (Fig. S2†) is
thought to originate from the diﬀerence in the interaction
between graphene defects and liquid etchant compared to
oxygen.30
Due to its higher sensitivity to nanosized openings we subsequently focus on the FIFE etching tests and characterize the
under-graphene-coverage (UGC) of copper for diﬀerent growth
durations. Fig. 2(a) shows that the UGC increases within the
first 60 minutes but reaches a constant value of 90% that
cannot be increased by prolonged growth. Even after 6 hours
of growth no full coverage can be achieved. This behavior
demonstrates that a limitation of graphene quality exists which
originates from the previously observed decrease in graphene
growth rate at high coverage due to catalyst deactivation.
We chose 60 min growth duration for the first step since it
represents the maximum achievable graphene coverage and
subsequently investigate the eﬀect of the second growth step
on the graphene continuity.
One concern for the proposed two-step growth process is
that the exposure to air between the growth steps could
deteriorate the graphene quality. We therefore compare the
continuity for graphene that was grown uninterruptedly for
3 hours with graphene that was subjected to a two-step growth
consisting of a one and a two-hour period. It is found that the
UGC with and without interruption are virtually identical
(Fig. 3(a)) and are similar to a one-hour growth step. This behavior indicates that the interruption and exposure to air does
not aﬀect the graphene quality.
We now turn to investigating the use of promoters during
the second growth step to increase the graphene’s continuity.
For this purpose, a capping layer was positioned on top of the
copper growth substrate. In order to avoid direct contact of the
copper and graphite surfaces, a 200 µm graphite spacer was
introduced (Fig. 3(b)).

Fig. 3 (a) Coverage after APS etching vs. time for uncapped one-step
and two-step growth. (b) Schematic of capped geometry, (c) comparison of coverage after APS etching using various cap materials (optical
images can be found in ESI Fig. S5†), (d) growth rate for graphite and
copper caps vs. temperature.
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Several capping materials were investigated for their ability
to increase the graphene continuity. A quartz cap (thickness
2 mm, roughness 0.8 µm) was chosen to represent an inert
material that is not expected to contribute to graphene
growth.31 A second piece of copper foil was used to investigate
previous reports on the promoting eﬀect of the material.32
Graphite was used as a promoter due to a number of advantages over the previously used materials. First, graphite’s
refractory nature limits the interdiﬀusion during growth and
no graphene growth was observed in the absence of the CH4
precursor. Furthermore, inevitable formation of carbon layers
on the promoter will not change its catalytic activity in contrast
to metal promoters that have been reported to suﬀer from catalyst coking due to the formation of carbide or graphene
layers.24
Fig. 3(c) shows the resulting UGC after the second growth
step was carried out with diﬀerent capping materials. We
observe that the quartz cap is decreasing the quality of the graphene compared to the first step and the un-capped growth.
This behavior can be understood when considering the stability of graphene under the growth conditions. Previous reports
found a dynamical equilibrium between adsorption and desorption of carbon atoms to the edges of graphite.33 Especially in
the presence of hydrogen gas, graphene was found to etch at
high temperatures. In the case of the capped geometry, confinement eﬀects become important and gas diﬀusion is hindered by wall collisions. In this regime a lower pressure exists
in the capped area and desorption proceeds more eﬃciently
than adsorption resulting in the observed decrease in graphene coverage.
The investigated copper cap, on the other hand, has a beneficial eﬀect on the graphene coverage as seen in Fig. 3(c).
This is due to the higher catalytic activity of the initially uncovered copper surface of the promoter. Consequently, carbon
radicals are produced by the second Cu foil and can diﬀuse
through the gap to interact with the already covered growth
substrate. This eﬀect, however, is limited in time because the
copper cap itself will nucleate and grow graphene on similar
time scales to one-step growth. Thus, the promoter becomes
passivated after the first 60 minutes and does not contribute
during the rest of the growth duration.
The largest improvement in continuity is observed for
graphite. A 95% UCR is thought to represent the maximum
achievable coverage in the presence of surface impurities.15
This observation is surprising since graphite is not commonly known to catalyze methane dehydrogenation – a prerequisite for the promoter eﬀect.24 We carried out temperature
dependent growth rate measurements on individual graphene
grains (Fig. 3(d)) to investigate this issue. From the Arrhenius
plot, we extract an activation energy barrier of EA = 2.42 eV for
the graphite promoter and EA = 3.03 eV for the copper promoter. The trends and values of these two barriers agree with previous reports.24 This finding suggests that graphite can act as
a promoter despite not being as eﬃcient as the previously
investigated Ni which exhibits an activation energy barrier of
EA = 1.32 eV.24

Nanoscale, 2015, 7, 19403–19407 | 19405

View Article Online

Published on 28 October 2015. Downloaded by National Cheng Kung University on 09/03/2017 13:25:09.

Communication

Finally, we correlate the investigated improvement in graphene continuity with enhancements in the quality of the graphene film. Fig. 4(a) shows the result of Raman spectroscopic
characterization. The Raman ID/IG ratio, a common measure of
the graphene quality, is showing a trend that is similar to the
UGC results with graphite having the lowest and quartz having
the highest defectiveness. This result suggests that the structural defects probed by the etching method are indeed defects
in the graphene lattice and they can be healed by subsequent
growth steps (more detailed optical characterization can be
found in ESI Fig. S4†).
These findings are supported by the Hall mobility
measurements of films produced using diﬀerent cap
materials (Fig. 4(a)). We observe a similar dependence of
mobility on the growth process as the defectiveness with
graphite caps exhibiting the highest mobility and quality.
Surprisingly, the quartz capped growth exhibits a high
mobility despite higher defectiveness. Future research has to
elucidate whether this behavior is due to the removal of
amorphous carbon that could act as neutral scatterers for
carrier transport.34
The observed enhancement cannot be explained by the lower
porosity of the graphene film. Random voids would modify the
Hall resistance according to Rm = R0/(1 − ε) where ε is the fraction of the missing material which is smaller than the UGC and
thus the mobility decrease would be less than 10%.35
Characterization of the UGC and Raman ID/IG ratio both
suggest only small improvements in the quality of graphene by
5% for etching and by 25% for Raman analysis. Despite this
limited enhancement, the carrier mobility increases by 70%
compared to the uncapped growth. This large change of the
mobility by small variations in defectiveness demonstrates the
dependence of the graphene performance on the grain
connectivity.
Furthermore, a decrease in carrier concentration by 50%
(ESI Fig. S3(a)†) suggests that the incompletely connected
areas are the source of significant adsorption and doping
induced charge transfer.
Finally, we show that the enhancement eﬀect can be
achieved on a large scale by measuring the coverage of graphene as a function of position along one 6 cm long sample
(Fig. 4(b)). It can be seen that the UGC of ∼96% after APS

Fig. 4 (a) Comparison of the Hall mobility and Raman ID/IG (on the
inverted scale) for diﬀerent capping materials; (b) coverage after APS
etching as a function of position across a 6 cm sample, (inset is a photograph of the graphene/copper sample before transfer).
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etching is retained throughout the sample while maintaining
the uniform single layer distribution (ESI Fig. S4†).

Conclusions
In conclusion, we show that graphite is a suitable promoter
material for a large scale and uniform enhancement of the graphene grain connectivity. This improvement resulted in a significant increase in carrier mobility and highlights the
potential of enhancing the inter-grain connectivity for high
quality graphene films.
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