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Controlling the ripple density and heights: a new
way to improve the electrical performance of
CVD-grown graphene†
Won-Hwa Park,‡§a Insu Jo,§b Byung Hee Hong*b and Hyeonsik Cheong*a
We report a new way to enhance the electrical performances of large area CVD-grown graphene through
controlling the ripple density and heights after transfer onto SiO2/Si substrates by employing diﬀerent
cooling rates during fabrication. We ﬁnd that graphene ﬁlms prepared with a high cooling rate have
reduced ripple density and heights and improved electrical characteristics such as higher electron/hole
mobilities as well as reduced sheet resistance. The corresponding Raman analysis also shows a signiﬁcant
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decrease of the defects when a higher cooling rate is employed. We suggest a model that explains the
improved morphology of the graphene ﬁlm obtained with higher cooling rates. From these points of view,
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we can suggest a new pathway toward a relatively lower density and heights of ripples in order to reduce
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the ﬂexural phonon–electron scattering eﬀect, leading to higher lateral carrier mobilities.

Introduction
Graphene, a 2-dimensional building block of a honey-comb
structured carbon lattice, has been intensively studied for the
past several years owing to its exceptional mechanical and electronic properties including an unusually high mobility of the
charge carriers.1 Significant progress for understanding
various properties of graphene has stemmed from studying
graphene flakes mechanically exfoliated from bulk graphite.1,2
Although these small flakes (<100 × 100 μm2) are suitable for
exploring the fundamental properties of intrinsic graphene,
they are not appropriate for the evaluation of large area
graphene-based products. Recently, chemical vapor deposition
(CVD) technology using CH4 and H2 onto Cu foils to form
large area graphene sheets is regarded as a promising way for
mass production of large size transparent conducting
graphene films for flexible electronics.3,4
However, many challenging issues in CVD-grown graphene
products still remain such as irregularly distributed defects of
various kinds5 and volatile dopants that are easily removed
during the reliability test, leading to changes in the sheet
resistance value (Rs). Some alternatives such as hybridizing a
a
Department of Physics, Sogang University, Seoul 04107, South Korea.
E-mail: hcheong@sogang.ac.kr
b
Department of Chemistry, College of Natural Sciences, Seoul National University,
Seoul 08826, South Korea. E-mail: byunghee@snu.ac.kr
† Electronic supplementary information (ESI) available: Reproducible data set.
See DOI: 10.1039/c6nr00706f
‡ Current address: Department of Chemistry, College of Natural Sciences,
Seoul National University, Seoul 08826, South Korea.
§ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2016

graphene sheet with metallic nanowires have been developed.
Integration of two-dimensional graphene and one-dimensional
Ag nanowires in a hybrid film can significantly enhance electrical properties such as lower Rs and robustness against electrical breakdown, with negligible degradation of the optical
transmittance.6 In order to increase the quality of CVD-grown
graphene, Park and co-workers7 reported that variation of the
cooling rate and the hydrocarbon concentration in the cooling
step has yielded graphene islands with diﬀerent sizes, nuclear
densities, and growth rates. Hence, the nucleation site density
on a Cu substrate was greatly reduced when a fast cooling
condition was used.
Previously, Park et al.9,10 reported the importance of suspended shapes of graphene at nano-terraces of the Cu surface
in terms of relatively lower perturbation with the underlying
Cu surface formed during the cooling process. This implies
that a subtle diﬀerence in the nano-physical shape of graphene
on nano-terraces of the Cu surface may be influential in determining the electrical properties. Moreover, a surface-enhanced
Raman scattering (SERS) investigation of graphene with gapplasmon (Au nanoparticle-graphene–thin Au film) junctions
has been carried out and experimentally confirmed the presence of significantly protruded domains of graphene along the
z-direction, anticipating a negative influence on the electrical
properties due to unwanted nano-physical deformations11–14
such as ripples.
On the basis of previous work, we focus on applying a new
process technique to enhance the electrical properties of CVDgrown graphene on the Cu surface intrinsically15 and analyzing the details of deformed nano-physical shapes, ripples, of
graphene on SiO2/Si substrates after transfer.
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Sample preparation
Graphene films were synthesized on 25 μm thick copper foils
through the CVD method, using methane (50 s.c.c.m.) and
hydrogen (5 s.c.c.m.) gas with vacuum pumping (∼1.5 mtorr)
at 1000 °C for ∼2 hours. Methane was used only during the
growth stages of graphene and was not used during the
cooling process. PMMA was spin-coated on top of graphene
and the copper foil was etched in an ammonium persulfate
solution (20 mM with distilled water). Highly p-doped Si substrates covered with 300 nm thick SiO2 were used for the electrical measurement of graphene field eﬀect transistor (GFET)
devices. A free-standing graphene sheet on distilled water was
carefully transferred onto a SiO2/Si substrate, and PMMA was
removed in acetone. Chromium (5 nm) and gold (30 nm)
layers were deposited thermally for metal contacts of a 3-terminal graphene device with a pre-patterned stencil mask. Graphene channels of 230 μm width and 180 μm length were
isolated through electron beam lithography.16 10 GFETs for
each cooling rate were measured for enough statistics. Controlling the cooling rate was carried out by adjusting the opening
of the door of a furnace of a vertical type CVD chamber during
the cooling process. For example, higher and lower cooling
rates were simply controlled by opening the vertical chamber
door fully and by ∼5 cm, respectively. (Opening by ∼20 cm was
the intermediate cooling rate in this experiment.) The temperature was monitored by a thermocouple sensor inside the
furnace. Although this temperature might be somewhat
diﬀerent from the temperature of the copper foil, the cooling
rate would be more or less similar. We used the same copper
foil from Nippon Mining (NM, Japan) and found that after
1000 °C annealing, they all have the (001) preferred
orientation.

Fig. 1 Cooling rate proﬁles of CVD-grown graphene in this work. Note
that the initial cooling rates are measured from the slopes during the
ﬁrst 5 min and are indicated in the legend.

the cooling rate, the characteristics of the graphene films
exhibit definitive correlation with the estimated cooling rates.
Although the graphene films are all grown and annealed at the
same temperature of 1000 °C, the diﬀerence in the cooling rate
results in a significant diﬀerence in the morphology of the Cu
substrate as well as that of the graphene films after transfer
onto SiO2/Si substrates. Fig. 2A–C show that the nano-terrace

Characterization
Micro-Raman spectra were obtained using a 1 mW, 514 nm
Ar-ion laser with a spot size of ∼2 μm. (Renishaw inVia Raman
Microscope.) The spectral resolution was about 1.6 cm−1. An
XE-120 (Park Systems) atomic force microscope (AFM) was
used to obtain topography images. The measurements of
GFETS were performed by using the three-terminal mode of an
Agilent 2602 system applying a 10 mV source–drain voltage.
The sheet resistance of the graphene sample (50 μm × 50 μm
square geometry) was measured using a four-point probe with
a nano-voltmeter (Keithley 6221/2182A).

Results and discussion
Fig. 1 shows the three diﬀerent cooling rate profiles in this
experiment (66.6, 47.0 and 27.2 °C min−1). It should be noted
that the annealing temperature of all the samples are the same
at ∼1000 °C, and the cooling rates are measured from each
profile during the first 5 min and indicated on the upper-right
side of Fig. 1. Although this is not a very accurate estimate of
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Fig. 2 (A–C) Cu surface morphologies taken by AFM after graphene
growth with diﬀerent cooling rates. (66.6, 47.0 and 27.2 °C min−1). (D–F)
AFM images of graphene after transfer onto SiO2/Si substrates. Representative distances between Cu nano-terraces and ripple-to-ripple distances on SiO2/Si substrates are indicated in red. The expansion ratio
values obtained by dividing the ripple-to-ripple distances on SiO2/Si
substrates by the distances between Cu nano-terraces are indicated in
white.
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structure on the surface of Cu exhibits clear dependence on
the cooling rate. Note that the morphology of the Cu surface
should have been the same in all three cases because there
was no diﬀerence in the growth parameters except for the
cooling rate. During the cooling process, graphene expands
due to a negative thermal expansion coeﬃcient17 whereas Cu
contracts. If graphene remains conformal to the surface of Cu
as many suspect, the diﬀerence in the thermal expansion
coeﬃcients would result in compressive strain on graphene
after cooldown. If the strain is relieved by buckling of the graphene film, ripples would form. These ripples are in addition
to the ripples due to the terrace structure of the Cu surface. A
close inspection of the ripples on transferred graphene films
in Fig. 2D–F reveals an interesting aspect. The red-colored
numbers in Fig. 2B–E and C–F designate the distance
measured between nano-terraces on the Cu surface and the
ripple-to-ripple distances of graphene after transfer, respectively. If we define the “expansion ratio” as being the ratio of
the ripple-to-ripple distances to the spacing between the nanoterraces on the Cu surface, this expansion ratio, on average, is
larger than 1. This implies that not all terrace edges contribute
to the ripples in transferred graphene and so the graphene
film is not conformal to the Cu surface. Now, if we compare
the expansion ratio for diﬀerent cooling rates, we find a clear
trend. It is 1.54 for 27.2 °C min−1 and 3.30 for 47.0 °C min−1.
For 66.6 °C min−1, the ripple-to-ripple distance is not well
defined, but the expansion ratio is clearly larger than 3.30.
From these results, we argue that controlling the cooling rate
may be a critical parameter in determining the morphology of
graphene before and after transfer.
Fig. 3 shows representative Raman spectra for the three
cases taken after transfer. First, we can compare the contribution of SP3 type defects (D′/D value) for each cooling rate.5
This ratio is the largest for the lower cooling rate (blue spectrum) and the smallest for the highest cooling rate. This is

Fig. 3 Representative Raman spectra for each cooling rate with band
assignments. The relative peak shifts between the lowest cooling rate
(blue) and the highest cooling rate (black) are indicated.
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reasonable because some SP3-type defects are associated with
ripples. We should note that diﬀerent cooling rates may aﬀect
recrystallization of graphene during the cooling process which
would also aﬀect the defect density. However, signals from
such defects are not easy to separate from those from morphological defects such as ripples. Second, we turn our attention
to the peak positions of the G and 2D bands. We notice that
both bands shift to a lower frequency for the higher cooling
rate. It is well known that both doping and strain aﬀect the
peak positions, but the 2D band is less sensitive to doping
than the G band,18 whereas the 2D band is more sensitive to
strain.19 The fact that the 2D band is shifted more indicates
that the major factor is strain. The relative redshifts of the G
and 2D bands for the highest cooling rate indicate that the
compressive strain is most relieved for the higher cooling rate.
Previously, Ni et al. reported that CVD graphene resulted in
quasi-periodic nanoripple arrays (NRAs) and demonstrated
that NRAs originated from Cu step edges. Such high-density
NRAs, which are one of the serious steric obstacles in the
surface morphology of graphene in terms of lateral carrier
transport, give rise to flexural phonon scattering. Considering
the scattering interaction between flexural phonons in NRA
and electrons,16,20–22 controlling NRAs is important for maximizing the lateral carrier mobility, and a new process to
reduce NRAs during the CVD process is desirable. Here, we
suggest that controlling the cooling rate oﬀers a new way to
reduce NRAs. Decreasing the ripple density and the resultant
reduced flexural phonon–electron scattering can lead to
enhanced electrical properties of graphene. In this work, we
found that the lowest ripple density is obtained for the cooling
rate of 66.6 °C min−1, and as anticipated, it leads to the best
electrical properties.
Next, we can compare the distribution of the ripple height
for each cooling rate. Fig. 4A–C show the AFM images taken
from graphene films prepared with cooling rates of 27.2 47.0
and 66.6 °C min−1, respectively. Fig. 4D shows overall ripple
height distributions for these films. It shows that a higher
cooling rate results in not only fewer ripples but also lower
ripple heights. The influence of the cooling rate on the morphology further translates into an impact on the electrical
properties.
Fig. 5(A) displays the electrical characteristics of a GFET for
each cooling rate. In order to avoid the substrate-induced
doping eﬀect, a hydrophobic self-assembled monolayer (SAMs)
with alkyl chains is inserted between the graphene layer and
the SiO2/Si substrate.23 As a result, GFETs constructed on
SAMs with alkyl chains show higher electron/hole mobilities
with lower Dirac point voltages. The obtained electron/hole
mobilities for each cooling rate are shown in Fig. 5B. (See the
detailed and reproducible data set in the ESI†.) A higher
cooling rate gives us higher electron/hole mobility values with
nearly the same Dirac point voltages (∼30 V). The same tendency is also revealed in Rs, although the overall absolute Rs
values are somewhat high. (In this work, we focus on the trend
with varying ripple densities and heights based on changing
the cooling rate.) Based on these observations, we can claim
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Fig. 5 (A) Transferred I/V characteristic curves, (B) carrier mobility and
(C) sheet resistance proﬁle, for each cooling rate.

Fig. 4 Representative (A–C) AFM images of graphene on the SiO2/Si
substrate deposited on a hydrophobic self-assembled monolayer. (D)
Distribution of ripple heights for each cooling rate.

that the reduced ripple density and heights obtained by a
higher cooling rate have a beneficial impact of reducing the
flexural phonon scattering eﬀect and thus lead to high lateral
carrier mobilities.
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A suggested mechanism for the enhanced electrical properties with a higher cooling rate is illustrated in Fig. 6.
Coarser nano-terrace formation for a higher cooling rate would
result in fewer ripples even if each terrace edge contributes to
the ripple formation. However, we observed that for higher
cooling rates, fewer percentages of the terrace edges actually
contribute to the ripple formation. This reduces the ripple
density even further. This kind of configuration suggests that
the graphene film is tauter for higher cooling rates, which has
an eﬀect of reducing the ripple heights after transfer as shown
in Fig. 6. Therefore, a subtle control of the nano-physical shape
of graphene via modulating the cooling rate may be a good
approach to fabricating electrically high quality graphene.
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Conclusions

Fig. 6 Overall schematic picture comparing two extreme cooling rates
in this work.

Park and colleagues previously reported the correlation
between the 2D Raman peak shift of CVD-grown graphene on
Cu and the Rs value after transfer onto polyethylene terephthalate (PET) films for flexible transparent electrodes.8 A
smaller shift of the 2D peak correlated with a lower Rs value
implied that a specific hidden memory eﬀect of graphene
from the Cu surface to the PET substrate might be present as
shown in Fig. 7. However, the authors could not resolve the
detailed mechanism of the memory eﬀect at that time, and it
remained a challenging issue. We can now unveil the relationship between the 2D peak shift and Rs based on the current
investigation. We can infer that the 2D peak shift is derived
from the mechanical strain on the Cu surface, which means
that suspended and supported shapes of graphene are mixed
according to the Cu surface morphology. Furthermore, the suspended graphene formation is very important in terms of less
interference with the substrate. The degree of suspended
graphene shape on Cu is aﬀected by the cooling rate and
revealed via the red-shift of the 2D Raman peak. Upon employing diﬀerent cooling rates, we can confirm that a higher
suspended shape results from a higher expansion value and
that the density of the ripples and their heights are reduced,
which lead to improved electrical characteristics.

Fig. 7 Correlation between the 2D-band peak shift of graphene on Cu
and the Rs value measured after transferring onto a transparent ﬂexible
PET ﬁlm.

This journal is © The Royal Society of Chemistry 2016

In summary, we suggest that by tuning the cooling rate one
can control the electrical properties of CVD-grown graphene. A
higher cooling rate gives rise to large suspended graphene formation during the cooling process, which in turn results in
reduced ripple density and heights after transfer onto SiO2/Si
substrates. The correlation of the electron/hole mobilities and
Rs with the cooling rate further substantiates the importance
of controlling the cooling process, which may be useful also
for graphene-based sensing applications based on subtle
nano-physical deformation of graphene. Furthermore, we can
also unveil the unresolved issue in previous work, in which
transferred graphene with higher expansion on Cu can lead to
a smaller ripple density and lower ripple heights after transfer,
resulting in improved electrical characteristics.

Acknowledgements
This work was supported by a grant (No. 2011-0031630) from
the Center for Advanced Soft Electronics under the Global
Frontier Research Program of the Ministry of Science, ICT and
Future Planning of Korea.

References
1 A. K. Geim and K. S. Novoselov, Nat. Mater., 2007, 6, 183.
2 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva and A. A. Firsov,
Science, 2006, 306, 666.
3 X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner,
A. Velamakanni, I. Jung, E. Tutuc, S. K. Banerjee,
L. Colombo and R. S. Ruoﬀ, Science, 2009, 324, 1312.
4 S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng,
J. Balakrishnan, T. Lei, H. R. Kim, Y. I. Song, Y.-J. Kim,
K. S. Kim, B. Oezyilmaz, J.-H. Ahn, B. H. Hong and
S. Iijima, Nat. Nanotechnol., 2010, 5, 574.
5 A. Eckmann, A. Felten, A. Mishchenko, L. Britnell,
R. Krupke, K. S. Novoselov and C. Casiraghi, Nano Lett.,
2012, 12, 3925.
6 M. S. Lee, K. Lee, S. Y. Kim, H. Lee, J. Park, K. H. Choi,
H. Kim, H. K. Kim, D. G. Lee, S. Nam and J.-U. Park, Nano
Lett., 2013, 13, 2814.
7 W.-H. Park, M. Jung, J.-S. Moon, W. Park, T. Kim, J. Lee,
M. Joo and K. Park, Phys. Status Solidi B, 2013, 250, 1874.
8 W.-H. Park, M. Jung, J.-S. Moon, W. Park, T. Kim, J. Lee,
M. Joo and K. Park, J. Phys. D: Appl. Phys., 2013, 46, 345301.
9 W.-H. Park, Eur. Phys. J.: Appl. Phys., 2014, 67, 30701.
10 W.-H. Park, M. Jung, W. Park, J.-S. Moon, J. Lee, S. H. Noh,
M. Joo, T. Kim and K. Park, J. Phys. D: Appl. Phys., 2014, 47,
15306.
11 W.-H. Park, J. Phys. Chem. C, 2014, 118, 6989.
12 Y. H. Min and W.-H. Park, Nanoscale, 2014, 6, 9763.
13 Y. H. Min and W.-H. Park, RSC Adv., 2014, 4, 51966.

Nanoscale

View Article Online

Published on 13 April 2016. Downloaded by Harvard University on 27/04/2016 16:23:59.

Paper

14 Y. Kim, J. Ryu, M. Park, E. S. Kim, J. M. Yoo,
J. Park, J. H. Kang and B. H. Hong, ACS Nano, 2014,
8, 868.
15 D. S. Choi, K. S. Kim, H. Kim, Y. Kim, T. Kim, S.-H. Rhy,
C.-M. Yang, D. H. Yoon and W. S. Yang, ACS Appl. Mater.
Interfaces, 2014, 6, 19574.
16 G.-X. Ni, Y. Zheng, S. Bae, H. R. Kim, A. Pachoud, Y. S. Kim,
C.-L. Tan, D. Im, J.-H. Ahn, B. H. Hong and B. Oezyilmaz,
ACS Nano, 2012, 6, 1158.
17 D. Yoon, Y. W. Son and H. Cheong, Nano Lett., 2011, 11,
3227.
18 A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K. Saha,
U. V. Waghmare, K. S. Novoselov, H. R. Krishnamurthy,

Nanoscale

Nanoscale

19
20
21

22
23

A. K. Geim, A. C. Ferrari and A. K. Sood, Nat. Nanotechnol.,
2008, 3, 210–215.
D. Yoon, Y. W. Son and H. Cheong, Phys. Rev. Lett., 2011,
106, 155502.
W. H. Lee, J. Park, Y. Kim, K. S. Kim, B. H. Hong and
K. Cho, Adv. Mater., 2011, 23, 3460.
S. V. Morozov, K. S. Novoselov, M. I. Katsnelson,
F. Schedin, D. C. Elias, J. A. Jaszczak and A. K. Geim, Phys.
Rev. Lett., 2008, 100, 016602.
R. Kernera, G. G. Naumisb and W. A. Gómez-Arias, Physica
B, 2012, 407, 2002.
A. Laitinen, M. Oksanen, A. Fay, D. Cox, M. Tomi,
P. Virtanen and P. J. Hakonen, Nano Lett., 2014, 14, 3009.

This journal is © The Royal Society of Chemistry 2016

