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Abstract: Contamination commonly observed on the graphene
surface is detrimental to its excellent properties and strongly
hinders its application. It is still a great challenge to produce
large-area clean graphene film in a low-cost manner. Herein,
we demonstrate a facile and scalable chemical vapor deposition
approach to synthesize meter-sized samples of superclean
graphene with an average cleanness of 99 %, relying on the
weak oxidizing ability of CO, to etch away the intrinsic
contamination, i.e., amorphous carbon. Remarkably, the
elimination of amorphous carbon enables a significant reduc-
tion of polymer residues in the transfer of graphene films and
the fabrication of graphene-based devices and promises
strongly enhanced electrical and optical properties of gra-
phene. The facile synthesis of large-area superclean graphene
would open the pathway for both fundamental research and
industrial applications of graphene, where a clean surface is
highly needed.

Chemical vapor deposition (CVD) has proven to be
a promising approach for the industrial production of
graphene films'! with fine scalability,” controllability,” and
uniformity.) However, surface contamination on the gra-
phene basal plane is one of long-standing issues™® that
degrade the quality”® of CVD-grown graphene film and
hinder its applications.”'”) For instance, the presence of
contamination would cause severe scattering of carriers,®!
resulting in a reduced carrier mobility."!! Contaminations
have also been widely reported to strongly alter the surface
properties of graphene." Furthermore, a clean surface is
a prerequisite for many promising applications of graphene,
including graphene-based electronic and photonic devi-
ces! !l and high-resolution transmission electron microscopy
(HRTEM) imaging.™ Consequently, the preparation of clean
graphene films on a large scale and at low cost is of great
interest for the graphene community.

In the past years, many strategies have been developed to
reduce surface contamination with an emphasis on the
transfer process,*'¥! among which post-treatment methods
such as ultra-high-vacuum annealing,>'! post-adsorption,'”!
and plasma etching!"*'”! are widely reported. Unfortunately,
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these methods usually require a high energy input and suffer
from the inevitable introduction of defects in graphene, which
in turn strongly degrade the quality of graphene.'*?l A facile
and scalable method to prepare clean and defect-free
graphene films without impeding the quality of graphene is
still currently in its infancy.

Amorphous carbon introduced during the high-temper-
ature CVD growth process has been reported recently to be
another primary origin of surface contamination.”??! Herein,
based on this, we describe an efficient route to synthesize sub-
meter-long samples of defect-free, superclean graphene by
using CO, as a mild etchant to selectively eliminate intrinsic
contamination, i.e., amorphous carbon (Figure 1 a and Figures
S1 and S2). We found that the availability of superclean
graphene surfaces ensures a significant reduction of polymer
residues after the transfer of graphene onto functional
substrates. Furthermore, the elimination of amorphous
carbon and transfer-related polymer residues collaboratively
contributes to enhanced optical and electrical properties,
which would certainly widen the avenues towards graphene-
based applications in the future.

The synthesis of superclean graphene consists of the high-
temperature growth of graphene at 1020°C and subsequent
removal of amorphous carbon with the assistance of CO, at
~500°C (Figure 1a). During high-temperature growth, amor-
phous carbon (&~ 0.3-3 nm thick) with a dense distribution is
formed on graphene surface (Figure S3), and the area ratio of
unclean regions is higher than 50% (Figure 1b and Fig-
ure S4). The atomic arrangement and bonding structure of
amorphous carbon was revealed by HRTEM, where a fast
Fourier transform (FFT) mask filter was used to remove the
graphene lattice beneath the amorphous carbon (Fig-
ure S5).1 The carbon—carbon bond lengths of amorphous
carbon are revealed to range from 0.09 nm to 0.22 nm
(Figure S6), and bond angles range from 90° to 150° (Fig-
ure 1c¢). In contrast, the carbon—carbon bond length and bond
angle are 0.142nm and 120°, respectively, in the perfect
hexagonal arrangement of carbon atoms in the graphene
lattice. This observation indicates the presence of abundant
defects with distorted hexagonal, heptagonal, and pentagonal

[¥] J. Zhang," K. Jia," L. Lin," L. Sun, T. Li, X. Liu, L. Zheng, H. Peng,
Prof. Dr. Z. Liu
Center for Nanochemistry, Beijing Science and Engineering Center
for Nanocarbons, Beijing National Laboratory for Molecular Scien-
ces, College of Chemistry and Molecular Engineering, Peking
University
Beijing 100871 (P. R. China)
E-mail: hipeng@pku.edu.cn

zfliu@pku.edu.cn

J. Zhang," L. Sun, X. Liu
Academy for Advanced Interdisciplinary Studies, Peking University
Beijing 100871 (P. R. China)
W. Zhao, Q. Yuan
State Key Laboratory of Precision Spectroscopy
School of Physics and Material Science, East China Normal
University
Shanghai 200062 (P. R. China)

H.T. Quang, M. H. Rummeli
IFW Dresden, D-01171 Dresden (Germany)

Angew. Chem. Int. Ed. 2019, 58, 14446 —14451

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Z. Li, ). Gao, M. H. Rummeli
Soochow Institute for Energy and Materials InnovationS
Soochow University, Suzhou 215006 (P. R. China)
R. Xue, Z. Luo
Department of Chemical and Biomolecular Engineering
Hong Kong University of Science and Technology
Clear Water Bay, Hong Kong, SAR 999077 (P. R. China)
M. H. Rummeli
Centre of Polymer and Carbon Materials, Polish Academy of Sciences
M. Curie-Sklodowskiej 34, Zabrze 41-819 (Poland)
H. Peng, Prof. Dr. Z. Liu
Beijing Graphene Institute, Beijing 100095 (P. R. China)
[*] These authors contributed equally to this work.
@ Supporting information (including the synthesis, transfer, charac-
@ terization of graphene, and computational details) and the ORCID
identification number(s) for the author(s) of this article can be found

under:
https://doi.org/10.1002/anie.201905672.

www.angewandte.org

An dte

Chemie

14447

85U8017 SUOWILLOD SAIER1D 3ealjdde ) Aq pausenof a.e S ILe VO Bsn JO sajni oy Aelq i auluO A1 UO (SUORIPUOD-pUe-swsl/wod Ao | Areiq U Uo//SdNL) SUORIPUOD pue SLR L 8Ul38S *[202/TT/ST] uo Ariqiauliuo A|Im ‘ASIAIUN MOY200S Ad 2/9506T0E 91Ue/Z00T OT/I0p/W0d A8 1M Aeid 1 jpul|uo//Sdny Wwolj papeojumoq ‘Tt ‘6T0C ‘€LLETZST


https://doi.org/10.1002/anie.201905672
http://www.angewandte.org

14448 www.angewandte.org

a & CH,
Cu foil
> 4
i: Super—c/le'an graphene
b e

Bonding angle (°)

—2—CleanG —@— Unclean G

] 5 pieces 0.6 x 0.1 m?

Particle density ( 10° mm?2)

T T
0 20 40 60
Distance (cm)

Figure 1. CO,-assisted preparation of superclean graphene. a) Sche-
matic illustration of the formation and elimination of amorphous
carbon contamination on graphene surface during CVD process.

b) TEM image of a typical CVD-grown graphene surface. c¢) C—C bond
angle distribution in amorphous carbon regions after removal of the
underlying graphene lattice by using a FFT mask filter. Inset: HRTEM
image of the clean and contaminated regions with atomic resolution.
d) TEM image of a clean graphene surface prepared using CO,
treatment process. Inset: HRTEM image of the clean graphene with
atomic resolution. e) Density of TiO, nanoparticles on clean (red) and
unclean (blue) graphene surfaces. Inset: Photograph of five

0.6x0.1 m’sized samples of clean graphene film after TiO, visual-
ization.

structures in the amorphous carbon contamination. These
defects in amorphous carbon may result in an enhanced
reaction activity, in comparison with defect-free graphene
basal plane.

After graphene growth, the introduction of CO, into the
CVD chamber at ~ 500 °C is proven to initiate the elimination
of amorphous carbon from the graphene surface through the
reaction: CO,,C — 2CQO, leaving graphene intact (Figures
S7-S11). Clean graphene film without defects in the basal
plane was observed after the removal of surface contamina-
tion, which indicates CQO, is an efficient etchant for selective
removal of amorphous carbon at ~500°C (Figure 1d and
Figures S8, S10, and S11). Meanwhile, a large-area, clean
graphene film was successfully prepared in a 6-inch-sized
quartz tube, indicating the scalability of our CO, post-
treatment process (inset of Figure 1¢). The cleanness of the
as-prepared graphene films on Cu foil can be quickly
evaluated on a large scale by exposure of the as-synthesized
graphene/Cu to TiCl, vapor in humid air, where light-
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scattering TiO, nanoparticles would selectively adsorb on
the contaminated regions.”"*! Clearly, fewer TiO, nano-
particles deposited on CO,-treated graphene surface, in
contrast to the densely distributed TiO, nanoparticles on
the graphene surface without CO, treatment (Figure 1e and
Figure S12), confirming the improved cleanness of graphene
after the CO, etching process.

The moderate oxidizing ability of CO, is the key factor for
the selective etching of amorphous carbon by CO,. Density
functional theory (DFT) calculations were carried out to gain
a better understanding of the selective etching capability of
CO,. We used the commonly observed defective structures,
such as 5-8-5, 55-77, and 555-777 topological defects as the
simplified structures of amorphous carbon in our DFT
simulation, based on the HRTEM images of the contami-
nation. The dissociation of CO, molecules on the surface of
amorphous carbon or graphene is the first step for the
reaction of CO, etching. To fulfill this, the physically adsorbed
CO, molecules must be transformed into the chemically
adsorbed CO, molecules. In this regard, the reaction barriers
for the adsorption and dissociation of CO, on the 5-8-5 defect
(2.52 ¢V) are much lower than that on graphene (4.76 eV)
(Figure 2a). Reaction barriers of CO, dissociation on nano-
carbon structures with other kinds of defects are all lower
than that on the graphene surface (Figure 2b and Figure S13),
confirming that the presence of defects in amorphous carbon
is mainly responsible for the easy dissociation of CO,
molecules. The dissociation rate constants (k) were estimated
using the Arrhenius equation [Eq. (1)],

k=Ae((-E,)/RT) 1)

in which A is the pre-exponential factor, E, is the calculated
reaction barrier, R is the universal gas constant, and 7 is the
temperature. The rate of the reaction of CO, with defective
graphene is much faster than that with perfect graphene
(Figure 2¢). In addition, treatment temperatures ranging
from 400 to 550°C were optimal to guarantee the high
etching rate of amorphous carbon and avoid the etching of
graphene (Figure S6). In contrast, another common oxidizing
gas, O,, which has a stronger oxidizing ability, introduces
quantities of defects by reaction with graphene, as indicated
by TEM and Raman characterization (Figure S14). The ready
etching of perfect graphene by O, is confirmed by the low
etching reaction barrier of 2.56 eV, which would result in
a relatively low selectivity for the etching reaction (Fig-
ure S15).

Graphene grown on metal foil typically needs to be
transferred onto functional substrates for further applications,
and polymer film such as polymethyl methacrylate (PMMA)
usually functions as the transfer medium. Traditionally, the
complete removal of polymer is difficult, resulting in a great
deal of polymer residue on the surface of the transferred
graphene. Interestingly, we found that the elimination of
amorphous carbon ensures a significant reduction in the
amount of polymer residue left on the graphene surface in the
transfer step, i.e., the amount of polymer residue depends
directly on the cleanness of the fresh graphene films on Cu
foil (Figure S16). A high density of polymer residue is clearly
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showed good electrical conductivity with
an average sheet resistance value of
~390 Qsq ', extracted from hundreds of
Hall bar devices fabricated on a 4-inch
SiO,/Si wafer (Figure 4c). Similar reduc-
tion of sheet resistance was observed in
graphene transferred onto flexible plastic

T
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Figure 2. Theoretical exploration of the mechanism of the selective etching of amorphous
carbon by CO,. a) Energy profiles of CO, etching of amorphous carbon (red) and graphene
(blue). b) Comparison of energy barriers for the CO, etching of graphene (blue) and
amorphous carbon (red). c) Reaction rates for the CO, etching of graphene (blue) and
amorphous carbon (red). Note that 5-8-5, 555-777, and 55-77 topological defects are taken

as simplified model structures of the amorphous carbon contamination.

visible on untreated graphene samples (Figure 3a). In con-
trast, almost no polymer residue remained on as-transferred
clean graphene synthesized via CO, treatment, as evidenced
by the smooth surface and low surface roughness in the AFM
image (=~ 0.076 nm per um?) (Figure 3b). We also transferred
graphene onto SiO,/Si substrates using ‘H-PMMA and
utilized ToF-SIMS to detect the amount of *H™ in the
transferred graphene; this can reflect the amount of PMMA
residue. The ToF-SIMS spectra revealed a strong “H™ signal
on transferred graphene samples without CO, treatment,
confirming the presence of PMMA residues (Figure 3¢). In
contrast, the intensity of the H" signal on transferred clean
graphene film was at the noise level. Meanwhile, the high
lateral resolution intensity mapping with vertical resolution of
’H™ and C™ ions of transferred clean and unclean graphene
films (Figure 3d and Figure S17) further verified that the
amount of polymer residue on clean graphene was signifi-
cantly less than that on unclean graphene.

The large-scale preparation of graphene film with
improved optical and electrical properties is essential for
applications of graphene, for example, as transparent con-
ductive films. In this regard, the light transmittance of as-
obtained clean graphene was found to be higher than that of
the unclean counterpart, with a value approximately equal to
the theoretical calculation result (Figure 4a and Figure S18),
presumably owing to the elimination of amorphous carbon
and polymer residue. The decrease of the optical trans-
mittance of unclean graphene is more obvious in the short-
wavelength regions: in comparison to its clean counterpart,
the optical transmittance of unclean graphene is as low as

Angew. Chem. Int. Ed. 2019, 58, 14446 —14451
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substrates (Figure S20), indicating the
potential of as-obtained clean graphene
film for future applications in the field of
large-area flexible electronics.

We have demonstrated a facile post-
treatment method for preparing large-
area, superclean graphene films, assisted
by the selective etching of amorphous
carbon by CO,. Meanwhile, polymer res-
idue after the transfer of graphene onto
functional substrates was significantly reduced on the clean
graphene surface. The reduction of surface contamination
contributed to the improved optical and electrical properties
of graphene. Our results provide a new pathway for future
graphene research and industrial applications, such as elec-
trical and optoelectronic devices and organic light-emitting
diodes.
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Figure 3. Decreased amounts of polymer residue on clean graphene surface. a,b) Atomic force microscopy (AFM) images of transferred unclean
(a) and clean graphene (b) on SiO,/Si substrates and the height profiles of the marked lines. c) Time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) spectra of transferred clean (red) and unclean graphene (blue) on SiO,/Si substrates after removal of *H-labeled marked PMMA (*H-
PMMA), using the same transfer process. Inset: Schematic of the cleanness-dependent amount of polymer residue on a transferred graphene
surface. d) Depth profiles of 2H™ for clean (red) and unclean (blue) graphene films transferred onto SiO,/Si substrates after removal of “H-PMMA.
Inset: ToF-SIMS maps of the three-dimensional distribution of secondary-ion ?H™ on transferred clean (left) and unclean (right) graphene. Note
that the size of the mapping regions is 100x 100 pm? and the sputter time is kept the same at 300 s.
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Figure 4. Improved optical and electrical properties of clean graphene.
a) UV/Vis spectra of monolayer (red), bilayer (green), and trilayer
(blue) superclean graphene films on quartz substrates. Inset: Photo-
graph of transferred clean (left) and unclean (right) monolayer
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