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ABSTRACT: The last 10 years have witnessed significant progress in chemical vapor
deposition (CVD) growth of graphene films. However, major hurdles remain in
achieving the excellent quality and scalability of CVD graphene needed for industrial
production and applications. Early efforts were mainly focused on increasing the
single-crystalline domain size, large-area uniformity, growth rate, and controllability of
layer thickness and on decreasing the defect concentrations. An important recent
advance was the discovery of the inevitable contamination phenomenon of CVD
graphene film during high-temperature growth processes and the superclean growth
technique, which is closely related to the surface defects and to the peeling-off and
transfer quality. Superclean graphene represents a new frontier in CVD graphene
research. In this Perspective, we aim to provide comprehensive understanding of the
intrinsic growth contamination and the experimental solution of making superclean
graphene and to provide an outlook for future commercial production of high-quality
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CVD graphene films.

raphene has emerged as one of most promising

materials due to its fascinating and extraordinary

properties.”” Since it was first isolated, significant
developments in graphene synthesis methodologies have
progressed,3 among which chemical vapor deposition (CVD)
holds appealing potential for graphene mass production with
outstanding quality, controllability, and scalability.” Efforts to
increase the domain size, uniformity, and growth rate
continue;” however, a gap remains between the outstanding
properties of mechanically exfoliated graphene and those of
CVD graphene. In this regard, as unveiled in recent research,
the surface contamination that is inevitably introduced durin,
CVD growth might be the Achilles’ heel of CVD graphene;
such contamination is closely related to lattice defects and has
detrimental effects on the intrinsic properties and performance
of graphene products. Going beyond efforts to remove
airborne contamination and transfer-related impurities,”® an
ideal solution would be rooted in the removal of contam-
ination formed in the CVD process, which would ensure a
clean graphene surface after the transfer and exposure to the
air.” Understanding contamination phenomena and developing
strategies for growing superclean graphene represent a new
frontier of CVD graphene research. The formation mechanism
of surface contamination needs to be elucidated to develop
superclean growth techniques. In this Perspective, we first
focus on contamination formation mechanisms in CVD and
highlight the importance of synthesizing superclean graphene.
After reviewing the state-of-the-art superclean growth strat-
egies, we outline the future directions and opportunities
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concerning the industrial production of high-quality superclean
graphene films.

INEVITABLE CONTAMINATION FORMED DURING
HIGH-TEMPERATURE GROWTH

Contamination on graphene surfaces can be categorized as (1)
amorphous carbon, containing a large number of distorted
hexagon, pentagon, and heptagon rings of carbon atoms,
formed during high-temperature growth; (2) transfer-related
polymer residues, which are left on the graphene surface after
the transfer due to the difficulty in removing macromolecular
polymers; (3) airborne contamination, such as hydrocarbons
from the ambient air, which can significantly alter the
wettability of graphene.” Contamination can occur during
the growth, transfer, and storing processes. However,
suppressing the formation of amorphous carbon during CVD
growth to grow clean graphene then reduces transfer-related
and airborne contamination afterward, highlighting the key
importance of removing amorphous carbon to prepare
superclean graphene surfaces. In the following sections, we
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discuss the formation mechanism of amorphous carbon and
related superclean growth strategies.

Understanding contamination phe-
nomena and developing strategies for
growing superclean graphene repre-
sent a new frontier in chemical vapor
deposition graphene research.

The synthesis of target materials coincides with the
formation of byproducts with lower crystalline quality or
even amorphous structures. Such side reactions are influenced
by the synthesis parameters, such as catalyst, temperature, and
reactant concentration. As discussed in the preparation of
synthetic graphite, carbon nanotubes (CNTs), and diamond,
the generation of amorphous carbon can occur on the surface
of target carbon materials or in the gas phase.'”'" For instance,
the formation of amorphous carbon was widely observed on
the surfaces of CNTs, which is fueled by produced carbon
species in the gas phase.”

During CVD growth of graphene on Cu, the formation of
amorphous carbon with two-dimensional (2D) structures is
also observable on the graphene surface.” Both surface
reactions and gas-phase reactions occur during high-temper-
ature CVD growth'” and are responsible for the formation of
amorphous carbon. In detail, the introduction of carbon
precursors into the high-temperature chamber initiates the
decomposition of carbon feedstock on catalytic metal
substrates to produce active carbon species (eg, CH;, CH,,
and CH on Cu surfaces). Subsequently, these carbon species
may be consumed by the nucleation or growth of graphene
through on-surface diffusion and attachment (Figure la).
However, carbon species can also desorb into the gas phase
and alter the gas-phase reactions. Such carbon species would
turther evolve into larger carbon clusters, such as C,H,, C,H,,
CHe CiHs, CeHg C;Hg CoHg, CgHg CgHg and CjoHy,
through radical reactions in the gas phase.'”'> Consequently,
accumulation of carbon species (from C, species to larger
carbon clusters) in the gas phase persists during CVD growth
(Figure 1a).'*'®

In turn, the adsorption of the active carbon species and
carbon clusters existing in the gas phase occurs onto either the

metal surfaces or as-formed graphene. Carbon species that are
adsorbed on uncovered metal foil decompose into basic carbon
species, catalyzed by Cu.’ In contrast, such decomposition
becomes difficult on the graphene surface because the coverage
of graphene suppresses the catalytic ability of Cu. With a
higher diffusion barrier, the direct deposition of larger carbon
clusters on a graphene surface directly results in the nucleation
of amorphous carbon (Figure 1b)."” Similar to the nucleation
of graphene on Cu, such clusters should contain sufficient
carbon atoms to stabilize and immobilize themselves on
graphene surface.” In the case of smaller carbon species,
however, these small species move on the surface of graphene
and collisions between them initiate the nucleation of
amorphous carbon. Specifically, lattice defects in graphene
may function as active sites for nucleation because such defects
have stronger interactions with the active carbon species and
carbon clusters. After nucleation, amorphous carbon captures
the moving carbon species on graphene and the carbon species
from the gas phase to fuel its lateral growth (Figure Ic).
Finally, the full coverage of graphene significantly suppresses
the catalytic ability of Cu, and almost no carbon species are
produced; therefore, the growth of amorphous carbon almost
ends completely after the full coverage of graphene. Overall, a
reasonable growth process of amorphous carbon on the
graphene surface includes three steps: (I) accumulation of
active carbon species and carbon clusters in the gas phase, (1)
nucleation of amorphous carbon on the surface of graphene,
and (III) lateral growth of amorphous carbon (Figure 1).
The suppressed catalytic ability of Cu is responsible for the
formation of amorphous carbon on the graphene surface. The
evaporation of Cu also leads to the presence of Cu catalysts in
the gas phase, especially in low-pressure CVD, because the
temperature for growing graphene is near the melting point of
Cu. In general, the decomposition barriers of carbon species
either in the gas phase or on the graphene surface are highly
reduced with the assistance of Cu vapor. The Cu-vapor-
assisted decomposition of carbon species and as-formed
amorphous carbon inhibits the formation of amorphous
carbon on graphene. In addition, the Cu vapor facilitates the
healing of the graphene lattice and therefore reduces the
number of active defective sites that may serve as nucleation
sites of amorphous carbon. However, the Cu vapor is usually
insufficient, even in low-pressure growth, due to its low-
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Figure 1. Schematics of the formation mechanism of amorphous carbon on the graphene surface during high-temperature growth. (a)
Production of active carbon species. The decomposition of carbon precursors on Cu leads to the production of active carbon species; some
of the produced carbon species may be consumed by the growth of graphene through on-surface diffusion and attachment, whereas others
may desorb into the gas phase, resulting in the presence of plenty of carbon species in the gas phase (step I). (b) Nucleation of amorphous
carbon. The adsorption of active carbon species on the graphene surface initiates the nucleation of amorphous carbon. Nucleation occurs
primarily at the defective sites of graphene (step II). (c) Lateral growth of amorphous carbon. The moving carbon species on the graphene
surface and carbon species from the gas phase fuel the lateral growth of amorphous carbon (step III).
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Figure 2. Inevitable contamination on the surface of chemical vapor deposition (CVD)-derived graphene films. (a) Atomic force microscopy
image of graphene on Cu foil directly after growth. (a) Reproduced with permission from ref 9. Copyright 2019 Springer Nature. (b)
Statistics of C—C bond angles in amorphous carbon obtained from corresponding high-resolution transmission electron microscopy
(HRTEM) image. Inset: HRTEM image of unclean graphene. (b) Reproduced with permission from ref 18. Copyright 2019 Wiley-VCH. (c)
Tip-enhanced Raman spectra (TERS) of the unclean (blue line) and clean (red line) regions in unclean graphene sample and in situ far-field
Raman spectrum of graphene (dark cyan line). Inset: TERS mapping of the D band intensity. (d) Statistics of the D and G band positions
from the contaminated regions of graphene grown by >)CH, (blue) and '*CH, (red). Inset: Representative TERS spectra of isotopically
labeled graphene. (c,d) Reproduced with permission from ref 9. Copyright 2019 Springer Nature.

Polymer Polymer residues
Amorphous carbon

Polymer

Amorphous
carbon

b o -
> DS
e S sl

Functional substrate Functional substrate

Figure 3. Schematic illustration of contamination in the transfer of graphene onto functional substrates. After polymer removal, polymer
residues are left on the graphene regions that are covered by amorphous carbon because of the strong interaction between amorphous
carbon and polymer.

saturation vapor pressure (<3 X 1077 bar at ~1000 °C). contamination is mainly amorphous carbon with a strong D
Furthermore, Cu evaporation is gradually suppressed with the band (Figure 2¢,d).
increasing coverage of graphene, escalating the insufficiency of After growth, the graphene needs to be transferred from

the Cu catalyst in the gas phase.
Our group recently showed that contamination on the

metal substrates to functional substrates for further device

graphene surface originates in high-temperature growth. In fabrication and applications. Polymers, such as poly(methyl

atomic force microscopy (AFM) images of graphene on the Cu methacrylate) (PMMA), are usually used as the transfer

surface after growth, surface contamination is observed, medium to protect the graphene from breakage'w,zo However,
occupying over 50% area of the entire region with thicknesses the strong interactions between polymers and amorphous
ranging from 0.3 to 3.2 nm (Figure 2a).”'® The universal carbon through dangling bonds cause polymer residues to be
distribution of contamination on the graphene surface is also left on the graphene surface after transfer (Figure 3).'® In other

confirmed by high-resolution transmission electron microscopy words, unclean graphene covered by an abundance of
(HRTEM) images, where the sizes of continuous clean regions - .

A amorphous carbon is likely to become even more dirty after
are smaller than 100 nm. Notably, the contamination is 9,18,21,22

transfer. In contrast, nearly no contamination is

composed of a large number of distorted hexagons, pentagons,
and heptagons and exhibits a nearly 2D nature (Figure 2b). A observed on the surface of CVD-grown superclean graphene
conjunction of the tip-enhanced Raman spectrum (TERS) films after transfer, confirming the importance of growing

with isotope labeling techniques also indicates that the surface superclean graphene.
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Table 1. Properties of Superclean Graphene and Graphene Grown by Common Methods’

superclean graphene

carrier mobility

electrical properties

contact resistance 115 Q-um

sheet resistance 272 Qsq”!
optical property optical transmittance
thermal property

wettability

thermal conductivity

water contact angle 40°

17,000 cm*V~":s™! (room temperature)
31,000 cm*V~'s7! (1.9 K)

97.6% at 550 nm
3230 W-m LK!

graphene grown by common methods

11,000 cm>V~"s™! (room temperature)
17,800 cm>V~'s7! (1.9 K)

351 Q-ym

410 Q-sq”*

97.0% at S50 nm

2420 W-m™ K™

65°

TOWARD CHEMICAL VAPOR DEPOSITION GROWTH
OF HIGH-QUALITY GRAPHENE FILMS

Only graphene with compelling structural features will enable
us to realize truly competitive applications of graphene. Thus,
the commercial applications of CVD graphene should stand on
the basis of growth of high-quality graphene. Unrelenting
efforts have been devoted to achieving fine control over the
domain size, layer number, doping configuration, and flatness
of CVD graphene in recent years: the domain size of graphene
has increased from micrometer-size scales to meter sizes in the
past 10 years;** monolayer graphene, AB-stacking bilayer, and
ABA-stacking trilayer §razphene were recently synthesized in
controllable manners; »** ultraflat single-crystal graphene
wafers with wrinkle-free surfaces (Ra < 0.5 nm) were also
successfullg grown on both Cu and CuNi single-crystal
substrates,”””” and record-breaking graphene conductivity
has been achieved in millimeter-size nitrogen-cluster-doped
graphene single crystals.”® Nevertheless, the properties of
CVD-grown graphene are still not comparable to those of
mechanically exfoliated graphene.” One key reason lies in the
inevitable surface contamination on the surface of CVD-grown
graphene film, which will strongly influence its optical, thermal,
mechanical, and electrical properties.””

Little attention has been paid to the impact of growth-
related contamination on the performance of graphene,
although there is broad consensus that polymer residues
would strongly degrade the properties of graphene films.**°
Relying on the availability of superclean graphene films free of
amorphous carbon, Liu’s group systematically compared the
properties of graphene grown by common methods and
superclean graphene.” Superclean graphene exhibits out-
standing electrical, optical, and thermal properties after the
removal of amorphous carbon and polymer residues (Table 1).
For example, the contact resistance of superclean graphene is
comparable to the values of mechanically exfoliated graphene
samples, due to the strengthened coupling between the contact
metal and graphene. Superclean graphene encapsulated by
hexagonal boron nitride exhibits ultrahigh carrier mobilities
(1,083,000 cm? V157! for electrons and 625,000 cm> V157!
for holes, at 1.9 K), higher than previously reported values of
CVD-grown graphene films, highlighting the importance of
superclean graphene growth.

STRATEGIES FOR MAKING SUPERCLEAN GRAPHENE

Based on the above discussion, the accumulation of active
carbon species and carbon clusters in the gas phase is mainly
responsible for the formation of amorphous carbon. The metal
catalysts in the gas phase can promote the decomposition of
large carbon species and clusters into small carbon species,
suppressing the nucleation of amorphous carbon and
facilitating the healing of graphene defects (Figure 4). Cu
foam, with its porous structure and high specific surface area,

Quality

Cost
Methods Cleanness Defects Scalability Cost
Common CVD growth method 4 4 77 ¢ * % K * %k k L8 8.8 &
Chemical cleaning method s % % % 7 % % % i 2 8 & ¢ L. 8.8 & &%
Physical cleaning method ' 2 S & ¢ * * K * %k 5 6 & & ¢
Metal-vapor-assisted method +# # % % <7 % % & % * kK 5 * K 77

Figure 4. Comparison of the current experimental methods for
preparing superclean graphene in terms of quality, cost, cleanness,
defect density, and scalability.

would supply more Cu catalysts to suppress the formation of
amorphous carbon during high-temperature growth. The large-
scale growth of superclean graphene film was successfully
realized using alternating Cu foil and Cu foam stacks.’
Similarly, using metal-containing carbon feedstock is another
strategy to introduce additional Cu catalysts in the gas phase to
promote the decomposition of large carbon clusters and,
therefore, to suppress the formation of amorphous carbon. For
example, the growth of superclean graphene film was achieved
using copper(I) acetate, Cu(OAc),, as the carbon source.”!
In addition to modification of the gas-phase reactions during
the high-temperature process, the preparation of superclean
graphene can be achieved through chemical reactions with the
as-formed amorphous carbon on the graphene surface, such as
selective etching. Appropriate etchant and reaction parameters
are required to achieve selective etching without producing
damage to the graphene lattice. Fortunately, CO,, as a
moderate oxidizer, was reported to be capable of reacting

https://dx.doi.org/10.1021/acsnano.0c06141
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with amorphous carbon at ~500 °C without generating new
defects.'®

Superclean graphene exhibits out-
standing electrical, optical, and thermal
properties after the removal of amor-
phous carbon and polymer residues.

Inspired by household lint rollers and brooms, physical
removal of surface contaminants is also feasible because
interactions between the amorphous carbon and the under-
lying graphene are in the form of weak van der Waals forces.
With a porous structure and rich functional groups, activated
carbon was shown to be efficient in removing surface
contamination through its strong interactions with amorphous
carbon.”’ The control of interfacial force is essential in this
method.

Superclean graphene films produced from the above
methods exhibit differences in quality, cost, and scalability.
Graphene synthesized by the metal-vapor-assisted CVD
method exhibits the highest quality because catalysts in the
gas phase contribute to the healing of metastable defects
during the growth. However, the production capacity of
graphene films using this method is limited. Specifically, the

inevitable fusion that occurs between the Cu foam and Cu foil
at high temperatures should be resolved for further mass
production. As a solid carbon source, the quantity of
Cu(OAc), used for growing graphene needs to be carefully
controlled to achieve uniformity, especially in a large-scale
CVD system. In contrast, postgrowth treatments, including
CO, selective etching and the activated-carbon-coated lint
roller, are compatible with many current growth techniques
and can easily be scaled up for mass production in a cost-
efficient manner. However, some issues remain to be resolved
before mass production can begin. For example, the removal of
amorphous carbon is spatially inhomogeneous, especially when
cleaning graphene on hard or rough substrates, due to poor
contact. Furthermore, because postgrowth methods cannot
heal the intrinsic defects produced during the CVD growth
process, the quality of the as-obtained graphene still must be
improved (Figure 4).

CONCLUSION AND PROSPECTS

Surface contamination is a major hurdle to probing the
intrinsic properties of CVD graphene and to realizing its mass
production with compelling quality. We predict that superclean
graphene will represent a new frontier of graphene research in
the near future.

Multilayer

Single-layer
growth on metal

growth on metal

s ‘Themi_al_
~ conductivity
2o .

Transfer onto Direct growth
target substrate on target substrate

Figure S. Challenges for mass production of chemical vapor deposition graphene.
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Low-cost, large-area production of superclean, defect-free
graphene with good uniformity is essential for industrial
applications but remains challenging. Based on the formation
mechanisms of the amorphous carbon, three aspects should be
considered when developing new strategies for making
superclean graphene: (1) suppressing the formation of large
carbon clusters in the boundary layer, possibly by tuning the
thickness and content of the boundary layer; (2) healing
defects, which would reduce the number of the nucleation sites
of amorphous carbon on the graphene surface; (3) suppressing
the lateral growth of amorphous carbon on the graphene
surface. Furthermore, theoretical calculations with deeper
insights into the formation mechanism of amorphous carbon
and techniques for visualizing the defects and amorphous
carbon are also urgently needed.

As new approaches are developed, their compatibility with
current techniques should also be taken into consideration.””’
For instance, graphene single-crystal wafers (GSCWs) are
currently considered to be one of the important commercial
categories of graphene products for electronics-grade applica-
tions, due to its appealing quality and flatness. The growth of
GSCWs on thin Cu(111) films is usually conducted in an
atmospheric pressure CVD system to prevent the evaporative
loss of Cu. However, the increased pressure and reduced Cu
vapor in the boundary layer significantly alters the gas-phase
reactions and affects the cleanness of the as-grown graphene.
Therefore, in this case, a trade-off between cleanness and
flatness should be made.

The industrial production of graphene relies on advances in
both production facilities and quality improvements because
production needs to change dramatically from the laboratory
to the industrial scale. In particular, because the formation of
amorphous carbon is sensitive to the amount of catalyst and
carbon species in the gas phase, the spatial distributions of gas
and temperature are critical for the growth of superclean
graphene. Therefore, both the mass and heat transfer will
influence the quality and uniformity of as-produced graphene
films and deserve more attention in mass production.’'
Furthermore, finite-element simulations should be conducted
when designing the key components of high-end industrial
CVD systems. In addition, a cold-wall CVD system might be a
promising alternative due to its mass and heat transfer and the
fact that, in this system, the sample size would not be limited
by the diameter of the quartz tube.

A summary roadmap of CVD graphene with a view toward
the mass production of high-quality graphene films is
presented in Figure 5, where four routes represent the
mainstream of current graphene research: the CVD growth
of monolayer graphene on metal substrates (route 1), the
transfer of graphene onto functional substrates (route 2),
direct CVD growth of graphene on functional substrates (route
3), and CVD growth of multilayer graphene on metal
substrates (route 4). In all of the routes, three or four steps
are required to go from basic laboratory-scale fundamental
research to industry-scale production of graphene. For
example, in the first stage of route 1, main concerns for the
graphene community are control over the structural features of
CVD graphene, including domain size and layer number. In
the meantime, the design of suitable substrates for controllable,
cost-efficient mass production has also ignited intense research
activity. In the subsequent stage, the main efforts of graphene
researchers and the industrial community are currently devoted
to issues of surface contamination, including defects, wrinkles,

10801

and doping. Afterward, in the third stage, industrially feasible
production strategies will be widely discussed with special
emphasis on uniformity, size, growth rate, and transferability of
graphene films. At the last stage, challenges for mass
production and commercialization remain to be tackled,
covering the production capacity, yield, cost, equipment, and
production line at the industrial scale.

The growth of superclean graphene will attract great
attention in the near future because the availability of a clean
surface would offer enhanced properties and performance of
CVD graphene and facilitate the discovery of new applications.
We believe that superclean graphene will bring us more
exciting findings in fundamental research and promote the
progress of the entire graphene industry.
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