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Abstract: Graphene has attracted enormous interest in both academic and industrial
fields, owing to its unique, extraordinary properties and significant potential

applications. Various methods have been developed to synthesize high-quality Intrinsic G‘»o
graphene, among which chemical vapor deposition (CVD) has emerged as the most C&”t?”‘/"”ation It”'{p
encouraging for scalable graphene film production with promising quality, controllability, i *u ?j.}i
and uniformity. However, a gap still exists between ideal graphene, having remarkable . %
properties, and the currently available CVD-derived graphene films. To close this gap, X 1
numerous studies in the past decade have been devoted to decreasing defect density, S;ge;lle:en

grain boundaries, and wrinkles, and increasing the controllability of layer thickness and
doping of graphene. Significant recent advances in this regard were the discovery of
the inevitable contamination of graphene surface during high-temperature CVD growth
and the synthesis of superclean graphene, representing a new growth frontier in CVD graphene research. Surface
contamination of graphene is a major hurdle in probing its intrinsic properties, and strongly hinders its applications, for
instance, in electrical and photonic devices. In this review, we aim to provide comprehensive knowledge on the inevitable
contamination of CVD graphene and current synthesis strategies for preparing superclean graphene films, and an outlook
for the future mass production of high-quality superclean graphene films. First, we focus on surface contamination
formation, e.g. amorphous carbon, during the high-temperature CVD growth process of graphene. After introducing
evidence to confirm the origin of surface contamination, the formation mechanism of the amorphous carbon is thoroughly
discussed. Meanwhile, the influence of the intrinsic cleanness of graphene on the peeling and transfer quality is also
revealed. Second, we summarize the state-of-the-art superclean growth strategies and classify them into direct-growth
approaches and post-growth treatment approaches. For the former, modification of the CVD gas-phase reactions, for
example, using metal-vapor-assisted methods or cold-wall CVD, is effective in inhibiting the formation of amorphous carbon.
For the latter, both chemical and physical cleaning methods are employed to eliminate amorphous carbon without
damaging the graphene, e.g. selective etching of as-formed amorphous carbon using CO2, and removal of amorphous
carbon from the graphene surface using a lint roller based on interfacial force control. Third, we summarize the outstanding
electrical, optical, and thermal properties of superclean graphene. Superclean graphene exhibits high carrier mobility, low
contact resistance, high transparency, and high thermal conductivity, further highlighting the significance of superclean
graphene growth. Finally, future opportunities and challenges for the industrial production of high-quality superclean
graphene are discussed.
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Fig. 1 Contamination on the surface of CVD-derived graphene 3658,

(a) Schematic of the formation of contamination on the surface of graphene during the high-temperature CVD growth; (b) AFM image of freshly prepared

graphene grown on Cu foil; (¢) TEM image of unclean graphene. Inset: High-resolution transmission electron microscopy (HRTEM) image of unclean

graphene film; (d, e) High angle annular dark field (HAADF)-scanning TEM (STEM) (d) and HAADF-STEM plus energy-dispersive X-ray (EDX) map of

C element (e) of graphene transferred onto TEM grid; (f, g) HRTEM image of unclean graphene (f) and structure of amorphous carbon contamination after

removing graphene lattice beneath based on fast Fourier transform mask filter (g). (a—c) Adapted with permission from Ref. 56. Copyright 2019,

Springer Nature. (d—g) Adapted with permission from Ref. 58. Copyright 2019, Wiley-VCH.
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Fig.2 Structure of contamination on the surface of graphene 3.

(a—c) Statistics of the size of nano-domains (a), C—C bonding angle (b), and bonding length (c) of amorphous carbon.

Adapted with permission from Ref. 58. Copyright 2019, Wiley-VCH.
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Fig.3 Formation of contamination during CVD growth of graphene 5.

(a) TERS spectra of clean (red) and unclean (blue) graphene regions, and in-situ far-field Raman spectrum (dark cyan) of the unclean graphene at the

same region. Inset: TERS mapping of D band intensity of unclean graphene; (b) Statistics of the D and G band positions of graphene grown by

12CH,4 and '3CHy; Inset: typical TERS spectra of '*C-labelled unclean graphene; (c) ToF—SIMS spectra of '?C-labelled (blue) and

13C-labelled (red) graphene. Adapted with permission from Ref. 56. Copyright 2019, Springer Nature.
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Fig. 4 Schematic diagram of the formation mechanism of amorphous carbon on graphene surface

during the high-temperature growth process.
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Fig. 5 Reduced polymer residues on clean graphene surface after transfer 2656,

(a) Schematic of contamination on the surface of graphene after transfer; (b, c) AFM images of unclean (b) and clean (c) graphene transferred onto

Si0,/Si substrates; (d) ToF-SIMS spectra of transferred unclean graphene (blue) and clean graphene (red) on SiO»/Si substrates with the assistance of

2H-labelled PMMA. Inset: Structure of >H-labelled PMMA. (a) Adapted with permission from Ref. 26. Copyright 2020, American Chemical Society.

(b—d) Adapted with permission from Ref. 56. Copyright 2019, Springer Nature.
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Fig. 6 Growth of superclean graphene with the assistance of Cu foam %,

(a) Schematic of the Cu foil-foam stacked structure for the growth of superclean graphene; (b) AFM image of the freshly prepared clean graphene

grown on Cu; (c) TEM image of the superclean graphene. Inset: HRTEM image of clean graphene with atomic-scale resolution; (d) Photograph of the

quartz substrates before and after collecting the species in the boundary layer during high-temperature graphene growth with and without Cu foam;

(e) Scanning electron microscopy (SEM) image of the Cu nanoparticles collected by quartz substrate; (f) Raman spectra of the carbon species formed

during graphene growth with (red) and without (blue) Cu foam. Adapted with permission from Ref. 56. Copyright 2019, Springer Nature.
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Fig. 7 Growth of superclean graphene using Cu(OAc): as carbon source 78,

(a) Schematic diagram for the growth of graphene using CH, and Cu(OAc), as the carbon sources; (b, ¢) TEM images of unclean graphene (b) and

clean graphene (c). Inset of (b): FFT image of the region marked in white square; Inset of (c): FFT image of the region marked in white square (top) and

TEM image with atomic resolution (bottom); (d) Theoretical calculation of hydrogenation barrier of CH4 with (red) and without (blue) Cu catalyst;

(e) Raman spectra of the carbon species formed in the boundary layer during graphene growth using CHy (blue) and Cu(OAc), (red).

Adapted with permission from Ref. 78. Copyright 2019, American Chemical Society.
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Fig. 8 Growth of superclean graphene by cold-wall CVD 7°.

(a) Schematic diagram of growth of the superclean graphene in cold-wall CVD (CW-CVD) system; (b) Computational fluid dynamics simulation

result of the temperature distribution in CW-CVD system; (c) Profiles of distance change between carbon atoms during the formation of C4H,;

(d) The formation of carbon clusters by capturing carbon species at low temperature (up) and high temperature (down).

Adapted with permission from Ref. 79. Copyright 2020, Wiley-VCH.
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Fig.9 Preparation of superclean graphene via selective of etching amorphous carbon with CO; 8,
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(a) Schematic diagram of the formation and elimination of amorphous carbon on CVD-grown graphene surface; (b) The reaction barriers of CO, etching
graphene (blue) and amorphous carbon (red); (c) The reaction barriers of CO, etching amorphous carbon (red) and graphene (blue); (d) Reaction rates of CO,
etching amorphous carbon (red) and graphene (blue). Note that in this work, 5-8-5, 555-777, and 55-77 topological defects are used as the simplified model

structures of the amorphous carbon contamination on graphene surface. Adapted with permission from Ref. 58. Copyright 2019, Wiley-VCH.
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Fig. 10 Preparation of superclean graphene with the assistance of activated carbon-coated lint roller %,
(a) Schematic of the activated carbon-coated lint roller for the cleaning of amorphous carbon on graphene surface; (b) Cross-sectional EDX mapping result of
the contact region between graphene and activated carbon; (¢) TEM image of superclean graphene. Inset: HRTEM image of graphene lattice; (d) Statistics of

the adhesion force of Camorphous~Grapehene (blue) and Camorphous~Cactivated (red). Adapted with permission from Ref. 80. Copyright 2019, Wiley-VCH.
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Fig. 11 The superior properties of superclean graphene 5658,

(a) Measured resistance of superclean graphene as a function of the gate voltage at 1.9 K (red) and room temperature (blue); (b) Measured contact
resistance of superclean graphene as a function of gate bias; Inset: False-colored SEM image of the TLM device; (c) UV-Vis spectra of monolayer (red),
bilayer (orange) and trilayer (blue) superclean graphene; Inset: Photograph of clean (left) and unclean (right) graphene transferred onto quartz substrates.

(d) Statistics of the measured thermal conductivity of clean and unclean graphene. (a, b, d) Adapted with permission from Ref. 56. Copyright 2019,

Springer Nature. (¢) Adapted with permission from Ref. 58. Copyright 2019, Wiley-VCH.
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