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There have been breakthroughs in the mass production of graphene by chemical

vapor deposition (CVD) and its practical applications have also been identified.

Grain boundaries are typically present in ‘CVD graphene’ and adversely impact

its properties. We summarize recent progress in growing large-area single-

crystal graphene. Centimeter-scale single-crystal, truly single-layer graphene

(SLG) films have been reportedly achieved on single-crystal Cu(111) foils by

CVD growth, while meter-scale single-crystal SLG films have been reportedly

producedwith assistance of a roll-to-roll technique. The growth of uniform single

crystals of bilayer or multilayer graphene over a large area remains an exciting

challenge. Layer-by-layer transfer and the stacking of single-crystal SLG is

considered a promising route to making new types of ‘single’ crystals or

quasicrystals with specific numbers of layers and different stacking angles.

Structure and Properties of Single-Crystal Graphene

Graphene, a single layer of carbon atoms arranged in a honeycomb lattice (Figure 1A), has

attracted worldwide attention due to its unique 2D structure and excellent physical properties

[1–5]. When two graphene layers are stacked on top of each other, the properties of the bilayer

material [6] depend on the stacking angle (Figure 1B,C) [7,8]. AB-stacked bilayer graphene

(BLG) (see Glossary) reportedly has a continuously tunable bandgap of up to 250 meV

when a vertical electrical field is applied, which enables the fabrication of semiconductor devices

[9–11]. An AB-stacked BLG film was reportedly converted to an ultra-thin ‘diamond’ film

(F-diamane) by fluorine chemisorption [12]. In addition, twisted bilayer graphene (tBLG)

reportedly presents θ-dependent interfacial conductivity [13], van Hove singularities [14], and

particular electronic structures [15] that are reported to have potential for use in ultra-sensitive

sensors and ultra-thin capacitors. A Mott insulator and unconventional superconductivity with a

critical temperature up to 1.7 K was reported for a twist angle of 1.1o in BLG [10,11]. Compared

with AB-stacked BLG, tBLG reportedly has a higher chemical reactivity, which was said to be

due to distinct variations in the density-of-states distribution in the gap region [16].

Among various synthesis methods, chemical vapor deposition (CVD) has shown to be

the most promising for the scalable production of large-area high-quality graphene films [17].

Ruoff and colleagues first reported the preparation of a centimeter-scale single-layer graphene

(SLG) film on a commercial Cu foil by CVD in 2009 [18]. Unlike Ni with high carbon solubility

(~0.9 at.% at 900°C [19]), Cu has a much lower carbon solubility, even up to 1000°C (7.4 at. ppm

at 1020°C [20]), which is believed to predominantly contribute to the surface-mediated mechanism

of graphene growth and good uniformity of the number of layers of the as-grown graphene [21]. As

a result, Cu-based foils or films are the most common substrates for studying the behavior

of graphene growth by the CVD method and SLG films have been mass produced on copper-

based substrates in industry. However, grain boundaries (GBs) are often present in the

CVD-grown graphene films and are reported to contain 5-, 7-, and/or distorted 6-membered

rings (Figure 1D–F) [18,22,23]. They are formed where two (or more) graphene islands
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(grown from different nuclei) that have different orientations join together [23]. GBs have been

reported to lower the thermal, electrical, and mechanical properties of graphene [24–28] and the

existence of GBs reportedly influence the stacking order in bi- and multilayers [29]. Consequently,

the synthesis of large-area single-crystal graphene (thus, with no GBs) by reliable/reproducible and

scalable methods is of great interest.

In this review, we focus on developments in the CVD growth of large-area single-crystal graphene

with different numbers of layers on Cu-based substrates, including Cu and Cu-based alloys.

Large single-crystal SLG islands have been obtained by several methods on polycrystalline sub-

strates. Recently, centimeter-scale adlayer-free single-crystal SLG films have been reproducibly

produced on home-made single-crystal Cu(111) foils by removing all the carbon contaminants in

the substrates. Mass production of single-crystal SLG films has been achieved by either a roll-to-

roll technique or a home-designed pilot-scale CVD system. However, it is still challenging to grow

large single-crystal bilayer or multilayer graphene by the CVD method, and layer-by-layer assem-

bly of large-area single-crystal SLG films appears to be a promising way to produce them, espe-

cially with defined interlayer rotation angles.

Growth of Single-Crystal SLG

Based on the number of nuclei formed at the early stage of graphene growth, there are two

strategies for the growth of large-area single-crystal SLG. The first is to ensure that graphene

growth is from a single nucleus on a polycrystalline substrate, and the second is epitaxial growth

from multiple nuclei on a single-crystal substrate (see Table 1).

Single-Crystal SLG Grown from One Single Nucleus

At an early stage, researchers tried to grow a large-area single-crystal graphene island from a

single nucleus on a polycrystalline substrate, based on the fact that, in some situations, the single
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Figure 1. Structures of Graphene and Grain Boundaries (GBs). (A) Single-layer graphene, (B) AB-stacked bilayer

graphene, and (C) twisted bilayer graphene. (D) Scanning electron microscope image of a large four-lobed graphene

island. (E,F) Two types of line dislocations in graphene islands, with pentagonal (red) and heptagonal (blue) rings in the

outlined GBs. Images reproduced, with permission, from [6,23].
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graphene island grows epitaxially once it has been nucleated and does not change its lattice

orientation when it crosses the GBs of the polycrystalline metal substrate (Figure 2A) [30–32].

Thus, it is critical to control and suppress the nucleation density of graphene, which is reported

to be determined by the number of active sites and the concentration of active carbon species

[formed by the decomposition of CH4, e.g., CHx (x = 3, 2, 1, 0)] on the substrate surface [33,34].

The surface conditions of the substrate, such as roughness and cleanliness [35–38], and the CVD

parameters, including growth temperature [39] and partial pressure of CH4 (or ratio of H2/CH4)

[40], reportedly influence the nucleation density of graphene. Pretreatment of the metal substrate,

including surface polishing, acid etching, and high temperature annealing in a reductive

atmosphere, is still widely used to clean and flatten the substrate surface and decrease the

number of active sites. A growth temperature (above 1000°C) with a low partial pressure of the

carbon precursor that leads to a relatively low concentration of active carbon species was

typically used to grow single-crystal graphene islands [37,41,42]. In addition to decreasing the

flow rate of the carbon precursor, Li and colleagues showed that by folding a Cu foil to form

a ‘pocket’, an extremely low methane partial pressure is achieved inside the pocket and a

0.5-mm single-crystal graphene island with an average growth rate of 6 μm/min could be

grown on the interior side of the Cu pocket [40].

In 2013, Hao and colleagues first reported the role of oxygen in the graphene growth process.

They showed that oxygen on the Cu surface not only decreases the graphene nucleation density

by passivating Cu surface active sites (Figure 2C) but also accelerates the growth of the graphene

island by shifting the growth kinetics from edge-attachment-limited to diffusion-limited (Figure 2D)

[43]. Individual islands with diameters larger than 1 cmwere grown on oxygen-rich Cu foils after a

12-h growth (Figure 2B). Following this, various methods to introduce surface oxygen on Cu foils

have been reported, including heating the Cu foil in air [44], annealing it in an inert atmosphere

[45], and introducing O2 during the graphene growth [46], all of which have indicated that the

presence of surface oxygen is effective in decreasing the nucleation density of graphene.

Seeding growth is a common method for the synthesis of various single-crystal materials.

Graphene oxide flakes [47], exfoliated thin graphite flakes [30], and prepatterned polymethyl

methacrylate (PMMA) dots [48] have been used as the seeds for graphene growth on Cu. Wu

and colleagues reported the controllable growth of arrays of single-crystal graphene islands

with sizes of tens of microns using prepatterned PMMA dots as the nucleation seeds, which

might be a promising method for quantity production of single-crystal graphene islands of a

certain size (Figure 2E) [48]. A single-crystal graphene film was reported on a polycrystalline Pt

foil if graphene islands with aligned orientation were first transferred to the substrate, followed

by growth from their edges [49]. The key point of using seeds for graphene growth is to ensure

that graphene grows only from the seeds rather than nucleating elsewhere. It should always be

remembered that undesired nucleation may occur in the empty space between seeds as a result

of the supersaturation of active carbon species formed by decomposition of the carbon source, if

the seed density is too low [50].

A 1.5-inch single-crystal graphene island was reportedly obtained on a Cu85Ni15 alloy foil after

2.5-h growth from one single nucleus by locally feeding the carbon precursor through a quartz

nozzle (Figure 2F) [51]. A new approach was reported by Vlassiouk and colleagues for the synthe-

sis of a foot-long single-crystal graphene film on a moving polycrystalline Cu90Ni10 alloy foil at

rates up to 2.5 cm/h (Figure 2G). With a moving substrate and localized feeding of the carbon

precursor, the fastest-growing island orientation reportedly overwhelms any slower-growing

islands, resulting in a single-crystal graphene film [52]. It should be noted that localized feeding

Glossary

AB-stacked bilayer graphene (BLG):

BLGwhere half of the atoms in the upper

layer lie directly over the center of a

hexagon and the other half of the atoms

lie directly over an atom in the lower

graphene sheet; thus with a ‘0°’ rotation

angle between the two layers.

Active site: atomic step bunches, grain

boundaries, vacancies, adatoms, and

impurities on the substrate that the

graphene is being grown on.

Adlayer: (or adlayer graphene) bilayer

or multilayer regions that could be under

(typically this has been the case) or

perhaps ‘atop’ of the top continuous

graphene layer. For example, a single-

layer region beneath the continuous

layer is called a ‘bilayer region’,

accounting for both layers: the finite

lower layer (the ‘adlayer’) and the top

continuous layer.

Bandgap: an energy range in a solid

where no electronic state exists, such as

between the valance and conduction

bands.

Chemical vapor deposition (CVD): a

method where one or more volatile

(i.e., gas phase) precursors are

converted to high-quality thin films on

the surface of a substrate, typically at

high temperature or perhaps in a

plasma.

CVD protocol: parameters in the CVD

process, including type of target

substrate; time-temperature program;

pressure and gas species and their flow

rates.

Grain boundary (GB): the region

between two grains in a polycrystalline

material. For graphene, a ‘2D’ material,

grain boundaries are regions containing

5-, 7-, and/or distorted 6-membered

rings of carbon atoms and can be

approximately thought of as ‘lines’

between the 2D grains (grains are

sometimes referred to as ‘domains’ for

the 2D materials).

Graphene fold: a three-layer thick

ribbon-like structure formed by

(single-layer) graphene wrinkling and

‘folding over’ onto the substrate, such as

we have found can happen during

cooling from the growth temperature

(~1000°C) to room temperature, due to

a ‘build-up’ of compressive interfacial

stress from the thermal contraction of

the substrate.

Graphene island: an isolated

graphene region, typically with a size

from several micrometers to a few

centimeters.
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of the carbon precursor can be used only for a Cu/Ni alloy with proper composition and is not

suitable for the graphene growth on pure Cu or pure Ni. This might be due to the fact that the

nucleation density of graphene on the Cu/Ni alloy is much lower than that on Cu under the

same conditions [53] and that the carbon solubility of Cu/Ni alloys (such as Cu85Ni15 or

Cu90Ni10) is not high enough to dissolve all the carbon in the substrate bulk [54].

Since graphene grows from a single nucleus, it is usually time consuming to produce a large

single crystal. Recently, several strategies have been reported for accelerating the growth of

single-crystal graphene islands, including stacking Cu foils to create molecular flow in a confined

Nucleus/nuclei: critical nucleus size for

graphene growth is said to be at about

20–24 C atoms and is suggested to be

smaller than 1 nm in size.

Orientation: the direction of graphene

zig-zag (or armchair) edges.

Twisted bilayer graphene (tBLG):

bilayer graphene where one layer is

rotated relative to the other with a non-

zero rotation angle. (AB-stacked bilayer

graphene is, thus, not referred to as

‘twisted’)

Table 1. Representative Studies on the Growth of Large-Area Single-Crystal SLG

Strategy Method Summary of reported method Reported substratea Reported

size

Reported

growth time

Year Refs

Single

nucleus

Surface smoothing Annealing in Ar/H2 for 3 h Poly-Cu 0.4 mm ~15 min 2012 [42]

Electro-polishing and suppressing Cu evaporation

by stacking foils

Poly-Cu 2 mm 6 h 2013 [37]

Melting Cu followed with resolidification Poly-Cu 1 mm 5 h 2013 [38]

Optimizing CVD

parameters

Cu enclosure with low carbon supply Poly-Cu 0.5 mm ~90 min 2011 [40]

Long-time annealing, a controlled pressure,

relatively high growth temperature, and low

methane pressure

Poly-Cy 2.3 mm 125 min 2012 [36]

Annealing in a non-reducing environment, low

reactor pressure, and high H2/CH4 ratio

Poly-Cu 5 mm 48 h 2013 [87]

Oxygen passivation O2 treatment at 1035°C for 5 min O-rich poly-Cu 1 cm 12 h 2013 [43]

Annealing in Ar before growth Poly-Cu 5.9 mm ~10 h 2013 [45]

Heating in air at 200°C for 20 min Poly-Cu 3 mm 3 h 2015 [44]

Introducing O2 during growth Poly-Cu 1 cm 20 h 2016 [46]

Seeding Using PMMA dots as seeds Poly-Cu 18 μm 20 min 2011 [48]

Using graphene oxide flakes as seeds Poly-Cu 150 μm 20 min 2014 [47]

Local feeding Local feeding and multistep supply of methane Poly-Cu85Ni15 alloy 3.8 cm 2.5 h 2016 [51]

Evolutionary

selection

Locally feeding carbon source to a moving

substrate

Poly-Cu90Ni10 alloy ~30 cm ~12 h 2018 [52]

Fast growth A molecular flow in a confined space with

assistance of oxygen

Single-crystal Cu

(100) foil

3 mm 10 min 2016 [55]

Multistage carbon supply and second passivation Single-crystal Cu

(100) foil

4 mm 100 min 2016 [56]

Continuously supply oxygen from oxide substrate Poly-Cu 0.3 mm 5 s 2016 [58]

Continuously supply fluorine from metal fluoride

substrate

Poly-Cu 1 mm 5 s 2019 [59]

Multiple

nuclei

‘Seamless stitching’

of aligned graphene

islands on single-

crystal substrates

Magnetron sputtering on single-crystal MgO(111) Cu(111) film – 10 min 2012 [62]

Repeated chemomechanical polishing and annealing Cu(111) foil 3 × 6 cm2 1 h 2015 [68]

Temperature-gradient-driven annealing Cu(111) foil 5 × 50 cm2 20 min 2017 [70]

Magnetron sputtering Cu(111) film 4 inch 2 h 2017 [69]

Electroplating Ni onto Cu(111) foils followed with

annealing at 1050°C for 4–6 hours

Cu/Ni(111) foils

(1.3 to 8.6 at.% Ni)

2 × 8 cm2 5 min 2018 [54]

Contact-free annealing Cu(111) foil 32 cm2 1 h 2019 [72]

Two-step magnetron sputtering Cu90Ni10(111) film 4 inch 10 min 2019 [71]

aAbbreviation: Poly, polycrystalline.

Trends in Chemistry

18 Trends in Chemistry, January 2021, Vol. 3, No. 1



(A)

(B) (C)

(D)

PMMA seedings

CVD

growth

(E)

(G)

(F)

(H)

Single nucleus

Surface passivation by oxygen Local feeding

Preseeding Fast growth  

TrendsTrends inin ChemistryChemistry

Figure 2. Strategies for Single-Crystal Single-Layer Graphene (SLG) Island Production by the Single-Nucleus Method. (A) Schematic of the mechanism

of single-crystal SLG growth from a single nucleus. (B) Optical image of centimeter-scale graphene islands on oxygen-rich Cu. (C) Graphene nucleation density as a

function of O2 exposure time. (D) Energies of different configurations of H attachment, calculated by density functional theory. (E) Scanning electron microscope (SEM)

images of patterned polymethyl methacrylate (PMMA) dots and the as-grown array of graphene islands formed by subsequent chemical vapor deposition (CVD).

(F) Illustration of the configuration of local feedstock feeding and the synthesized single-crystal graphene island. (G) Illustration of the evolutionary selection

mechanism and the as-grown single-crystal graphene film. (H) Schematic of the configuration used for the reported fast growth of single-crystal graphene islands

and an SEM image of the as-grown millimeter-scale graphene islands. The copper foil is placed directly on the top of a metal fluoride substrate (MF2; M = Ba, Ca,

or Mg) with a small gap of 10–20 μm between them. Images adapted, with permission, from [43,48,51,52,59]. Abbreviations: OF-Cu, oxygen-free Cu; OR-Cu,

oxygen-rich Cu.
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space [55], using a two-step carbon-source supply (CSS) that applies a low CSS for the

nucleation stage and increases it for the subsequent growth stage for rapid growth [56], using

what was stated to be a more active carbon source such as ethane [57] as compared with

methane, and continuously introducing oxygen or fluorine to help the decomposition of methane

[58,59]. Growth rates of more than hundreds of micrometers per minute have been reported. Liu

and colleagues reported a 1-mm graphene island achieved in 5 s by a local supply of fluorine from

a metal fluoride substrate, with a growth rate as fast as 200 μm/min, as shown in Figure 2H [59].

Despite this, the size of graphene grown using the single nucleationmethod is, at this time, limited

to hundreds of microns to a few centimeters and complicated processes or equipment are

needed.

Single-Crystal SLG Grown from Multiple Nuclei

The other strategy is to epitaxially grow aligned graphene islands on single-crystal substrates.

Single-crystal Cu(111) surface is reported to be a good candidate due to its sixfold symmetry

and small lattice mismatch with graphene (~4%) [60,61]. Graphene islands aligned in a specific

direction have been reported on the Cu(111) surface [62–64], while graphene islands oriented

in two or three directions were observed on Cu(100) [62] and Cu(110) surface [65], which have

fourfold and twofold symmetries, respectively. Several theories have been reported to explain

the alignment of graphene on Cu(111), such as graphene edge–metal interaction [32], step-

attach growth [66], and embedded growth mode [67]. The growth of a centimeter-scale

(or even meter-scale) single-crystal graphene film is reportedly very fast, less than or equal to

2 h [54,68–72].

The preparation of large-area single-crystal metal substrates is thus crucial for the epitaxial

growth of single-crystal graphene. Nguyen and colleagues reported an 18 cm2 Cu(111) foil

using a process that includes repeated chemical-mechanical polishing and annealing [68]. Xu

and colleagues reported a temperature-gradient-driven annealing method to convert meter-

scale polycrystalline Cu foils into Cu(111) foils with assistance of a roll-to-roll technique

(Figure 3A,B) [70]. Their theoretical calculations indicated that the GBs of Cu are premelting at

1300 K and the temperature gradient at the liquid/solid phase interface drives the migration of

GBs in a preferred direction. Jin and Ruoff invented a contact-free annealing method to produce

large-area single-crystal metal foils from commercial polycrystalline metal foils (Figure 3C) [73]. By

minimizing the contact stresses during annealing, single-crystal Cu(111), Ni(111), Co(0001), Pt

(111), and Pd(111) foils, with grain sizes up to 32 cm2, were produced (Figure 3C–E). Single-crys-

tal Cu/Ni(111) foils with various Ni concentrations have also been produced using this home-

made Cu(111) foil by a two-step method; first the desired amount of Ni was electroplated onto

the Cu(111) foil and it was then annealed at 1050°C for 4–6 h (Figure 3F) [54].

Besides foils, single-crystal Cu(111) and Cu/Ni(111) films have also been reported in recent years

[69,71,74,75]. Ago and colleagues reported a Cu(111) film with twins by magnetron sputtering of

copper on c-plane sapphire [76]. Later, the same group reported a heteroepitaxial Cu(111) film

without twins by sputtering Cu on a single-crystal MgO(111) substrate heated at 500°C [62].

Deng and colleagues reported a 4-inch single-crystal Cu(111) film by magnetron sputtering of

copper on a single-crystal sapphire, which was preannealed in pure oxygen for 12 h

(Figure 3G) [69]. It was reported that a Cu2O buffer layer with a thickness of 1–2 nm was formed

at the interface between Cu and oxygen-pretreated sapphire, which reportedly released the

stress induced by the lattice mismatch between Cu and sapphire and resulted in a twin-free

single-crystal Cu(111) film (Figure 3H). In addition, wafer-scale Cu/Ni(111) films were reported

on single-crystal sapphire substrates by either sputtering using CuNi alloy as the target and

co-sputtering Cu [74] or Ni film in sequence [71] (Figure 3I).
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Based on the achievements of single-crystal substrates, the growth of large-area single-crystal

SLG films have been reported by several groups [54,68–72,75]. Ogawa and colleagues reported

a highly oriented SLG film on a heteroepitaxial Cu(111) film, the single orientation of which was

confirmed by dark-field low-energy electron microscopy (LEED) over 1 mm2 [62]. Nguyen and

colleagues reported ‘seamless stitching’ in atomic scale of two aligned graphene islands grown

on a Cu(111) surface, as shown in Figure 4A, using scanning tunneling microscopy (STM), se-

lected area electron diffraction (SAED), and optical microscopy after UV treatment [68]. We note

that the graphene film grown on Cu(111) foils made by contact-free annealing is single crystal

(Figure 4B,C) over a large area and does not contain any adlayers [72]. It was found that the amount

(A) (C)

(E)

(G)

(B)

(I)

(F)

(H)

T-gradient-driven annealing Contact-free annealing

Two-step method for Cu/Ni(111) foils

Magnetron sputtering for single-crystal films

(D)

TrendsTrends inin ChemistryChemistry

Figure 3. Methods for Obtaining Single-Crystal Cu(111) and Cu/Ni(111) Alloy Substrates. (A) Schematic of the

reported continuous production of a single-crystal Cu(111) foil by the temperature-gradient-driven method.

(B) Photograph of the as-obtained Cu(111) foils over 5 × 50 cm and reported representative low-energy electron

diffraction patterns from six different regions. (C) Schematic of the contact-free method for single-crystal metals, with a

quartz holder from which the metal foil is suspended. (D) Photograph and (E) electron backscatter diffraction (EBSD) map

of the reported as-obtained single-crystal Cu foil. The inset in (E) is the inverse pole figure of the EBSD map. (F) Schematic

of the reported preparation of the Cu/Ni(111) foils by a two-step method. (G) Photograph and EBSD map of the reported

single-crystal Cu(111) film prepared by magnetron sputtering. (H) Schematic of the orientation relationship between Cu(111)

and oxygen-terminated α-Al2O3(0001) and transmission electron microscopy image of the interface regions of Cu/α-Al2O3.

(I) Photograph and EBSD map of the reported single-crystal Cu90Ni10(111) film prepared by magnetron sputtering. Image

reproduced, with permission, from [54,69–73].
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Figure 4. Multiple-Nuclei Strategy for Producing a Large-Area Single-Crystal Single-Layer Graphene (SLG) film. (A) Schematic of the epitaxial growth of

single-crystal SLG from multiple nuclei. (B,C) Scanning electron microscope images of aligned graphene islands and a continuous single-crystal graphene film grown

on the home-made Cu(111) foils. The inset in (C) is a low-energy electron diffraction (LEED) pattern (beam size ≈1 mm) of an adlayer-free graphene film on a Cu(111)

foil. (D–I) Several characterizations for the crystallinity of graphene films grown on home-made Cu(111) and Cu/Ni(111) foils, including (D) scanning tunneling

microscopy (STM) image, (F) representative micro-LEED patterns (beam size of 23 μm), (G) distribution of graphene lattice orientation angles determined from

micro-LEED patterns at 2500 different positions, (H) representative selected area electron diffraction patterns, and (I) high-resolution transmission electron

microscopy image. (E) The atomic structure of an adlayer-free single-crystal graphene film on a Cu(111) foil, showing a Moiré periodicity of ~6.4 nm. The inset in

(D) is the fast Fourier transform pattern of the STM image. (J) Schematic of the system for a reported continuous and ultrafast growth of meter-scale single-crystal

graphene film and photograph of Cu(111) foils with graphene coverage of ~60% (top), ~90% (middle), and ~100% (bottom). (K) Photographs of a pilot-scale

atmospheric pressure chemical vapor deposition furnace for scalable growth of single-crystal graphene wafers on Cu90Ni10(111) films. Image reproduced, with

permission, from [25,54,70–72].
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of subsurface carbon in the Cu foils that produces additional nuclei directly correlates with the ex-

tent of adlayer growth and high-temperature annealing in a H2/Ar atmosphere is an efficient way to

remove these subsurface carbon contaminants [59]. The single crystallinity of this adlayer-free SLG

film was verified by many instruments, including STM, polarized optical microscopy, low-energy

electron diffraction (LEED), and micro-LEED, as shown in Figure 4C–G. Centimeter-long parallel

graphene folds are present in the adlayer-free SLG films (Figure 4C) and have an average

width of 80–100 nm and an average separation of 20–50 μm. By patterning graphene field effect

transistors with the device channel in the ‘clean’ regions between adjacent folds, high-perfor-

mance devices with carrier mobilities of around 1.0 × 104 cm2 V–1 s–1 have been achieved

without the disturbance of adlayers, GBs, and folds, which are all found to decrease the car-

rier mobilities. Using the camphor-assisted transfer method, the mechanical properties of a

centimeter-scale single-crystal graphene film were measured, revealing a Young’s modulus

of 728–908 GPa and an average fracture strength of 4.5 GPa [25]. Such a graphene film, with-

out any GBs and adlayers, is essential for constructing ‘stacked graphene single crystals’with con-

trolled rotation angles and number of layers by a layer-by-layer assembly method, which we will

discuss later.

Epitaxial growth of large single-crystal SLG films has been reported after 5 min of growth on

centimeter-scale Cu/Ni(111) foils with Ni concentrations ranging from 1.3 at.% to 8.6 at.% [54].

High-resolution transmission electron microscopy (HRTEM), SAED patterns and H2 etching are

used to investigate the crystallinity of the as-grown single-crystal SLG film (Figure 4H,I). This fast

growth of single-crystal graphene due to the significantly lower energies of: (i) the barrier to methane

dehydrogenation, and (ii) the formation of active carbon species on a Cu/Ni(111) surface, compared

with a Cu(111) surface [54]. Xu and colleagues reported a single-crystal SLG film over 5 × 50 cm

achieved in 20 min by combining oxide-assisted CVD method and roll-to-roll technique (Figure 4J)

[70]. A scalable growth of 25 pieces of 4-inch single-crystal graphene films on Cu90Ni10(111) films

has been reported by a home-designed CVD system by Deng and colleagues (Figure 4K) [71].

Very recently, Wu and Li independently reported the preparation of large-area single-crystal high-

index Cu surfaces [77,78]. Epitaxial growth of graphene has been reported on various indices,

such as 112, 311, and 436 [77–79]. Density function theory calculations indicated that this is

due to the single lowest energy state of graphene nucleation on high-index Cu surface [79].

These reported results of large-area single-crystal graphene films on copper-based substrates

with a variety of surface orientations may open new opportunities. In addition, melted copper

has been reported as the substrate for the growth of single-crystal SLG films. Fu and colleagues

reported the seamless stitching of neighboring round graphene islands on liquid copper due to a

self-rotation process on the smooth surface of liquid copper [80], while Yu and colleagues re-

ported aligned hexagonal graphene islands grown in the temperature range 1083–1140°C,

and theoretical calculations indicated that the aligned islands were driven by gas flow [81]. How-

ever, temperatures higher than the melting point of Cu, 1084.6°C, and tungsten foils, are needed

to melt and support the copper.

Unlike the single-nucleus method, which often needs a very low flow rate of the carbon precursor

to suppress density of the nucleation of graphene, the parametric window of growth of single-

crystal graphene on single-crystal Cu(111) and Cu/Ni(111) substrates is reportedly much

broader, resulting in both a faster growth rate and higher repeatability, which makes the

multiple-nuclei method likely to be more promising for mass production. It should be noted that

1–2% misorientation of graphene islands is usually observed in as-grown single-crystal SLG

films by this multiple-nuclei method, which may be due to impurities or artifacts on the substrate

surface [68,70].
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Synthesis of Single-Crystal BLG

Although the growth of single-crystal SLG has been well studied, studies of the growth of BLG on

Cu-based substrates, whether or not it is single crystal, are inadequate. The size of BLG grown on

Cu substrates is limited by the surface-mediated growth mechanism [21]. That is, once the

surface of the Cu substrate is fully covered by graphene, the decomposition of CH4 on the

metal surface typically stops, as well as the growth of both layers. Despite many strategies

being reported to break the surface-mediated mechanism and increase the coverage of the sec-

ond layer, including using a more active carbon precursor such as ethane or ethanol [82,83],

using a dynamic CVD protocol [84], and providing additional catalyst [85], it is still challenging

to produce continuous BLG films with 100% coverage. Similar to the single-crystal SLG growth

methods, there are two reported strategies for the growth of large-area single-crystal BLG: (i)

growth from one single nucleus, and (ii) epitaxial growth from multiple nuclei. Using layer-by-

layer transfer, single-crystal SLG has been reportedly used to form BLG with a defined angle be-

tween the layers [86] (see Table 2).

Single-Crystal BLG Grown from One Single Nucleus

It is more challenging to produce large-area single-crystal BLG than SLG from one single nucleus

because one not only needs to control the nucleation density, as for SLG, but also find a way to

Table 2. Representative Studies on the Synthesis of Large-Area Single-Crystal Bi- and Multilayer Graphene

Strategy Reported

mechanism

Reported substrate Reported size/coverage Reported

growth time

Reported stacking order Year Refs

Single nucleus Surface diffusion Poly-Cu 300 μm 24 h AB-stacked 2013 [87]

Poly-Cu enclosure 410 μm 3 h AB-stacked 2013 [93]

Poly-Cu <100 μm 115 min 30°-twisted 2014 [95]

Poly-Cu 540 μm 5–6 h AB-stacked 2015 [88]

Poly-Cu 10–20 μm 40 min 4°, 5°, 8°, 10.5°, 13°, 16°,

21°, 27°, 29°-twisted

2016 [99]

Melted Cu ~100 μm 8 min 30°-twisted 2017 [96]

Diffusion through

the metal bulk

O-rich poly-Cu enclosure 550 μm 6 h AB-stacked 2016 [29]

Segregation from

Cu/Ni alloy

Poly-Cu85Ni15 foils 300 μm 10 min AB-stacked 2016 [90]

Cu/Ni(111) foils with

23–28 at.% Ni

150–310 μm multilayer

graphene islands with

3–8 layers

10 min ABA… stacked 2020 [91]

Multiple nuclei Segregation from

Cu/Ni alloy

Cu/Ni(111) foils with

16.6 at.% or 20.3 at.% Ni

1 × 2 cm2 with more than

95% BLG or 60% TLGa

10 min Almost 100% AB for

BLG and almost 100%

ABA for TLG

2020 [91]

Cu/Ni(111) film with

23 at.% Ni

3 × 5 cm2 with 99.4%

BLG

10 h 99.4% AB 2020 [103]

Sublimation of Si

from Cu-Si alloy

Cu-Si film with 28.7 at.% Si 2 inch with 100% BLG,

100% TLG, or 100%

tetralayer graphene

10 min 100% AB for BLG,

100% ABA for TLG, and

80% ABCA + 20ABAB

for tetralayer graphene

2020 [104]

Layer-by-layer

assembly

Stacking aligned hexagonal graphene islands

and SLG films grown on Cu(111) films

2 cm – AB-stacked 2016 [114]

Folding a single-crystal SLG grown on a Cu(111)

foil

Millimeter scale – Arbitrary angle 2017 [115]

aAbbreviation: TLG, trilayer graphene.
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continuously feed the carbon for the growth of the second layer. Methods used to decrease the

nucleation density for SLG, such as using a high H2/CH4 ratio (or low partial pressure of CH4) and

introducing surface oxygen, are also reported to work well for BLG growth [29,87]. Three

methods to break the limitation of a surface-mediated mechanism and feed carbon atoms to

build the second layer are discussed later: (i) surface diffusion in the interface between the top

layer (marked as the first layer) and the Cu substrate (Figure 5A) [87,88]; (ii) diffusion through

the metal substrate from its back side (Figure 5F) [29,89]; and (iii) segregation/precipitation

from Cu/Ni alloys [90]. The advantages and disadvantages of this single-nucleus strategy for sin-

gle-crystal BLG growth are similar to those of SLG grown from a single nucleus, that is, it is not

necessary to use a single-crystal substrate, but the growth rate is usually very low. And, if

using single crystal Cu/Ni(111) alloy as the substrates, single crystal multilayer graphene islands

with three to eight layers and sizes of more than 150 μm have been reported [91].

Carbon Atoms Build the Second Layer by Surface Diffusion

In 2013, Zhou and colleagues reported a 300-μm AB-stacked single-crystal BLG island in 24 h

on a polycrystalline Cu foil. They preoxidized the Cu foil to decrease the nucleation density and

used a H2/CH4 molar ratio of 4400 to suppress the growth of the first layer and offer more time

to increase the size of the second layer before full coverage of the first SLG (Figure 5B,C) [87].

The role of hydrogen in the growth of BLG was investigated by theoretical simulation [92]. It

was reported that the graphene edges detach from the metal surface and become terminated

by H at a high partial pressure of hydrogen, which favors the diffusion of active carbon species

into the space between the first layer and the metal substrate surface to form the second layer

under the first (Figure 5E). Using a low CH4 partial pressure inside a Cu pocket, Li and colleagues

reported a 410-μm AB-stacked BLG island on the interior surface of the pocket [93]. They re-

ported that the second layer grows simultaneously and under the first graphene layer. It was

also reported that the growth of the second layer is nearly an order of magnitude slower than

that of the first layer, because the active carbon species that are stated to contribute to the growth

of the second layer have to diffuse across the edge of the first layer.

Besides the dominant stacking mode (AB-stacking), 30°-twisted BLG has been reported in

certain studies of growth on Cu substrates [94]. Why 30°-twisted BLG is obtained is under

discussion [95–98]. Yan and Deng reported that Cu steps may serve as the nucleation sites for

the second layer [95,97]; they suggest that the zigzag and armchair edges of graphene can

efficiently saturate the Cu step atoms on Cu(111), resulting in 0° and 30° orientations related to

the Cu lattice. Quasicrystal 30°-twisted BLG islands with sizes of around 100 μm have been

reported on a polycrystalline copper foil (Figure 5D). Li and colleagues reported 30°-twisted

BLG islands grown onmelted Cu and proposed that the interaction between two graphene layers

should be responsible for the preference of AB-stacked and 30°-twisted BLG [96]. BLG islands

grown on Cu with twist angles such as 4°, 13°, and 21° have been reported [99]. Their sizes were

in the order of tens of microns and they were a small fraction of the as-grown BLG, relative to the

much higher preponderance of AB-stacked and 30°-twisted BLG. Obtaining reliable and repro-

ducible growth of large-area twisted BLG with desired twist angle is an important and exciting

challenge for the future.

Carbon Atoms Diffuse through the Metal Substrate from Its Back Side

Another way to feed carbon atoms is to create asymmetric growth environments on the two sides

of the Cu substrate. For example, different methane concentrations on the two sides will result in

different growth rates and graphene coverage. Hao and colleagues first reported a half-millimeter

AB-stacked BLG island using a Cu pocket made from a polycrystalline oxygen-rich Cu foil

(Figure 5G) [29]. It was reported that the exterior surface of the pocket was covered by a
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continuous graphene layer with large BLG islands (300–550 μm), while only isolated SLG islands

were observed with a low density of ~0.5 mm–2 on the interior surface even after growth for 6 h,

leaving more than 60% of the Cu surface exposed (Figure 5H–J). Using carbon isotope labeling,
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Figure 5. Three Typical Strategies for Growing Single-Crystal Bilayer Graphene (BLG) Islands by the Single-

Nucleus Method. (i) Feeding carbon atoms for the growth of the second layer by surface diffusion (A), (ii) diffusing the

carbon atoms through the metal substrate from its back side (F), and (iii) segregating/precipitating carbon atoms from Cu/Ni

alloys. (B) Optical image of the AB-stacked BLG island grown using a high H2/CH4 ratio of 4400, which was then transferred

to a 300-nm SiO2/Si wafer. (C) Raman spectra taken from the spots marked with the corresponding colored circles in (B).

(D) Optical image of twisted bilayer graphene islands grown on a polycrystalline Cu surface then transferred to a 300-nm

SiO2/Si wafer. (E) Diagram of graphene zigzag edge formation on the Cu(111) surface at different hydrogen pressures and

growth temperatures. (G) Optical image of the Cu pocket. (I,J) Scanning electron microscope images of graphene islands

grown on the interior (I) and exterior (J) surfaces of an oxygen-rich Cu pocket. (H) Raman map of the full width at half

maximum (FWHM) of the 2D band for the area in (J). (K–P) Optical images of graphene islands with (K) three layers, (L) four

layers, (M) five layers, (N) six layers, (O) seven layers, and (P) eight layers grown on Cu/Ni(111) foils with 23–28 at.% Ni then

transferred to 300-nm SiO2/Si wafers. The inset in (P) is a schematic of the ‘inverted wedding cake’ structure of multilayer

graphene. (Q) Raman spectra of hexagonal multilayer graphene domains on 300-nm SiO2/Si wafers. Images adapted, with

permission, from [29,87,91,92,95]. Abbreviations: GB, grain boundary; SLG, single-layer graphene.
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the second layer of the BLG islands has been shown to be formed by carbon atoms diffusing

through the foil from the interior surface, rather than by the precipitation/segregation of carbon

from themetal bulk. The extremely lowCH4 partial pressure inside the pocket is reportedly essen-

tial for decreasing the nucleation density of both the SLG islands on the interior surface and the

second layer islands on the exterior surface. In this case, the authors proposed that oxygen on

the interior surface not only passivates the graphene nucleation to achieve a low coverage of

graphene on the interior surface but also promotes the decomposition of CH4 on the exposed

Cu regions, resulting in a concentration gradient of active carbon species from the interior to

the exterior surface, which drives the carbon diffusion through Cu bulk to the exterior surface

for the growth of the second layer [100]. Unlike the surface-diffusion mechanism, the second

layer is reported to nucleate later than the first layer [29,100].

It should be noted that the first continuous layer on the exterior surface is reportedly polycrystal-

line since it was grown from multiple nuclei on the polycrystalline Cu foil, so single-crystal

AB-stacking will not be maintained when the single-crystal second layer grows across the GBs

of the first layer. It was also reported that the second layer prefers to stack in the AB sequence

with the layer under which it nucleated, so GBs form when two of these islands merge because

they nucleated under islands with different orientations. Using a pocket made from a single-

crystal Cu(111) foil might be helpful in producing a large-area single-crystal AB-stacked BLG

film by the seamless stitching of second layer islands.

Carbon Atoms Segregate/Precipitate from the Cu/Ni Metal Bulk

As mentioned earlier, Cu/Ni foils or films show reported advantages by providing a low nucle-

ation density and a fast growth rate. In addition, the carbon solubility in the Cu/Ni alloy is

reported to be controllable by changing the concentration of Ni [101] and the dissolved C

atoms can serve as the carbon source for the growth of the second layer. Yang and colleagues

reported a 300-μm single-crystal AB-stacked BLG island on a polycrystalline Cu85Ni15 foil in a

copper-vapor-assisted growth [90]. A copper foil was placed on the top of the Cu/Ni substrate

with the stated goal of generating copper vapor at 1075°C, which reportedly inhibited catalysis

of the Cu/Ni surface and reduced the growth rate of the first layer so as to provide more time for

C atoms to diffuse into the Cu/Ni substrates. Recently, Huang and colleagues reported multi-

layer hexagonal single-crystal graphene islands with three to eight layers and sizes of more

than 150 μm on Cu/Ni(111) foils with 23–28 at.% Ni, as shown in Figure 5K–P [91]. The re-

ported Raman spectra indicated that these multilayers were stacked in ABA… modes

(Figure 5Q). It was reported that these multilayer graphene regions were stacked in an ‘inverted

wedding cake’ configuration (Figure 5P), confirmed by three independent methods (depth profiling

of time-of-flight secondary ion mass spectrometry, environmental scanning electron microscopy

with hydrogen etching, and cross-section transmission electron microscopy).

Single-Crystal BLG Grown from Multiple Nuclei

Similar to the growth of SLG, a single-crystal large-area BLG film can also be obtained by merging

aligned BLG islands. To continuously supply carbon atoms for the growth of the second layer, Cu/

Ni(111) substrates have been studied for the growth of single-crystal BLG films. Takesaki and col-

leagues reported the growth of a highly uniform graphene film with 93% BLG coverage on an ep-

itaxial Cu77Ni22 thin film, in which around 70–80% BLGwas AB-stacked [102]. Recently, the same

group reported an improvement of a 99.4% AB-stacked graphene film with similar BLG coverage

by extending the growth time to 10 h at an elevated growth temperature (1085°C) and they pro-

posed that the twisted second layer was transformed to AB-stacked by carbon dissolution-

segregation processes [103]. Huang and colleagues reported that a centimeter-scale, almost

100% AB-stacked single-crystal graphene film, with 95% bilayer coverage, was produced on a
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home-made Cu/Ni(111) alloy with 16.6 at.% Ni (Figure 6A,B), while the growth of an ABA-stacked

(almost 100%) graphene film with 60% trilayer coverage was achieved on a Cu/Ni(111) alloy with

20.3 at.% Ni (Figure 6C,D) [91]. The results of isotope labeling indicated that the graphene

grown onCu/Ni(111) foils with 16.6 at.%Ni was predominantly driven by the segregation of carbon

adatoms from the bulk. The single crystallinity of as-grownBLG filmwas verified by SAED, HRTEM,

and LEED, as shown in Figure 6E–H. However, it is still very difficult to control the uniformity of the

number of graphene layers over a large area because undesired multilayer patches usually appear

due to the segregation growth mechanism.

(A) (B) (C)

50 μm 50 μm50 μm

(I)

(J)

(D)

(E) (F) (G) (H)
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Figure 6. Strategies for the Production of Single-Crystal Bilayer Graphene (BLG) Films by the Multiple-Nuclei Method. (A–C) Optical images of (A) aligned

BLG islands, (B) a BLG film, and (C) a trilayer graphene film grown on Cu/Ni(111) foils then transferred to 300-nm SiO2/Si wafers. (D) Raman spectra of single-layer

graphene, AB-stacked BLG, and ABA-stacked trilayer graphene. (E–H) Results of several characterizations for the crystallinity of BLG films grown on home-made Cu/

Ni(111) foils, including (E) low-energy electron diffraction pattern, (F) high-resolution transmission electron microscopy image, (G) selected area electron diffraction

(SAED) pattern, and (H) intensity profile of the diffraction spots along the green broken line in the representative SAED pattern shown in (G). (I) Growth steps of

multilayer graphene on Cu-Si alloy. (J) Optical images showing the time evolution of tetralayer graphene grown on Cu-Si alloy films, then transferred to SiO2/Si wafers.

Images adapted, with permission, from [91,104]. Abbreviations: Gr, graphene. 4L, tetralayer graphene.
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Very recently, Nguyen and colleagues reported the layer-controlled growth of wafer-scale

uniformly oriented graphene layers on Cu-Si alloy films, including AB-stacked bilayer, ABA-

stacked trilayer, and ABCA-stacked tetralayer graphene films (Figure 6I,J) [104]. A wafer-scale

(~1.5 × 3.5 cm2) polycrystalline AB-stacked BLG film reportedly grown on a liquid Pt3Si/solid

Pt substrate was recently published [105]. These papers suggest that certain M-Si alloys could

be a useful substrate for the growth of large-area multilayer graphene.

Even though the ‘inverted wedding cake’ configuration of bilayer/multilayer graphene grown on

Cu and Cu/Ni substrates has been reported in the literature using many methods, this does

not mean that it is impossible to grow the second layer on top of the first layer [29,72,91,93].

Extra Cu foils [106] or a partially exposed Cu surface [107] region upstream have been reported

to be beneficial for the decomposition of CH4, providing a continuous supply of carbon fragments

to the downstream, resulting in an increased BLG coverage there. Since the Cu foils used in both

reports are polycrystalline, the authors did not get single-crystal BLG. Stronger evidence

(e.g., isotope labeling) is needed to confirm that the second layer grows on top of the first layer.

Layer-by-Layer Assembly of Single-Crystal SLG

Layer-by-layer assembly has been used to produce van der Waals heterostructures of 2D

materials [108,109]. Unlike direct growth by the CVD method, contaminants may be introduced

into the interface of two graphene layers during the transferring and stacking processes, which is

reported to decouple the two graphene layers and decrease the carrier mobilities and thermal

conductivity of the stacked BLG [110,111]. Viscoelastic stamps (including polydimethylsiloxane

and epoxy) and h-BN have been reportedly used as the support materials for transferring and

stacking exfoliated graphene sheets without any treatments by solvents or solutions [108,112].

Since the exfoliated graphene is usually in irregular shapes with an unknown crystallographic

orientation, Kim and Chen divided one graphene sheet into two parts by tearing or laser cutting,

then stacked these two parts with a defined rotation angle [112,113]. The BLG is a fewmicrome-

ters in size. Wemight expect that ‘clean dry transfer’will continue to advance and perhaps lead to

assembly of significantly larger layers with clean interfaces. Since large-area single-crystal SLG

films can now be readily obtained, their layer-by-layer assembly seems a promising way to pro-

duce single-crystal (or quasicrystal) bilayer or even multilayer graphene with controlled stacking

angles. This layer-by-layer assembly requires: (i) that the single-crystal SLG should not contain

any adlayers over a large area, (ii) rapid nondestructive identification of the lattice orientation of

the single-crystal SLG, and (iii) a well-developed graphene transfer method that does not

introduce any residue and contaminants to the interfaces between the graphene layers during

the stacking.

Nguyen and colleagues reported a single-crystal AB-stacked BLG island by transferring a hexag-

onal single-crystal SLG island to the top of the other SLG island, resulting in a polymer-free inter-

face between the two graphene layers, as shown in Figure 7A–C [114]. The orientation angle was

reported to be precisely controlled by an optical microscope with assistance of a micromanipu-

lator and a rotatable stage. The authors noted that a tiny misalignment (~1°) can be removed

by annealing the resulting BLG sample at 350°C, because thermal energy drives local lattice re-

laxation to form the BLG minimum energy state AB-stacking.

Ruoff and colleagues have reported a millimeter-scale BLG film with a defined twist angle

between the layers that was obtained by folding a continuous single-crystal SLG film [115]. As

shown in Figure 7D, after transferring the adlayer-free single-crystal SLG film onto a tailored

substrate that had hydrophilic and hydrophobic regions patterned by a layer of self-assembled

molecules, the graphene film in these two regions would ‘self-fold’ when the substrate was
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withdrawn from water, resulting in macroscopic folded graphene with good uniformity. The fold

line can be adjusted by controlling the borders between the hydrophobic/hydrophilic regions

and it was found that this correlated with the twist angle of the prepared BLG. By using a

LEED pattern to identify the original lattice orientation of the SLG on the Cu(111) foil, or establish-

ing the relation between the fold angle and the twist angle, a tBLG film with a defined stacking

orientation (with a standard error of ~0.25°) was achieved.

Apart from this manual way of stacking graphene layers, a structural directing effect of a single-

crystal SLG film on the carbonization and graphitization of polymer thin films has been reported

recently by Ruoff and colleagues. By embedding a single-crystal SLG film in an SU-8

(A) (B)

(C)

(D)

Detach from Cu substrate

Transfer onto another MLG

TrendsTrends inin ChemistryChemistry

Figure 7. Two Typical Strategies for the Production of Single-Crystal Bilayer Graphene (BLG) by Layer-by-

Layer Assembly with Specific Rotation Angles. (A) Stacking hexagonal single-layer graphene (SLG) islands with

assistance of an optical microscope (OM) with a rotatable stage and micromanipulator, and (D) directly folding a single-

crystal monolayer graphene (MLG) film into a BLG film with the desired twist angle. (B) Optical image of AB-stacked BLG

on a Cu substrate. (C) Photograph of the original single-crystal SLG and the synthesized single-crystal AB-stacked BLG

with a diameter of 2 cm. Images adapted, with permission, from [114,115]. Abbreviations: PMMA, polymethyl

methacrylate; SAM, self-assembled monolayer.
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(an epoxy-based negative photoresist) film and subsequently heating it in an inert atmosphere,

oriented graphene-like layers formed by graphitization of the polymer appeared in the SU-8

near the graphene at 1000°C, at which graphitization usually does not happen, whereas no

graphitization occurred away from the single-crystal graphene. This observation strongly proves

the catalytic influence of graphene on the carbonization and graphitization of polymers, indicating

a potential method for the synthesis of single-crystal graphite [116].

Concluding Remarks

Even given significant effort by a number of groups worldwide for the synthesis of single-crystal

graphene, there remain imperfections in nearly all of the CVD-grown single-crystal graphene

that has been reported (see Outstanding Questions). For example, wrinkles and folds are usually

present in CVD-grown single-crystal graphene films but they are often mis-assigned or even

ignored in the literature. Reliable methods for the complete elimination of wrinkles and/or

folds are still under investigation. Imperfections such as pinholes, cracks, and impurities can be

introduced during the graphene transfer process and reportedly degrade the performance of

single-crystal graphene [117]. New graphene transfer methods are called for to maintain the

physical integrity of the graphene over a large area and to avoid introducing impurities or residue

on the surface(s) of graphene films. The direct growth of high-quality single-crystal graphene on,

for example, dielectric substrates used in electronic devices, is thus of interest. These are impor-

tant and interesting challenges, also for achieving certain applications of single-crystal graphene.

The precise control of the number of layers of single-crystal graphene on copper over a large area

for 2-, 3-, and n-layer (n = 4–10) has not been achieved. New strategies are needed to grow a

second layer on top of adlayer-free SLG, but with new precursors that favor growth of the second

layer without forming a third layer in some regions and without etching the first layer.

The layer-by-layer assembly of adlayer-free single-crystal graphene films could be a viable

method for producing large area multilayer graphene films with a specific number of layers and

defined stacking angles. We call this material an ‘artificial graphene single crystal’ because it

cannot be made by any direct growth method. This aspect is highly exciting, but at present

pure speculation. As we mentioned earlier, a nondestructive and clean transfer method is in

high demand.
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Outstanding Questions

Can ‘perfect’ very large-area single-

crystal, single-layer, graphene films be

achieved (be grown)?

Can ‘perfect’ large-area single-crystal

AB-stacked bilayer graphene films

be directly grown, truly ‘free’ of any

regions that are not BLG?

Can ‘perfect’ large-area single-crystal

AB-stacked n-layer graphene films

be directly grown, truly ‘free’ of any

regions that are not the specific value

of n that is desired? That is: 100%

trilayer, or 100% 4-layer, and so on.

Moderately large (sub-mm) single-

crystal AB-stacked BLG has been

achieved in which the ‘adlayer’ is be-

tween a continuous surface layer and

the substrate. Can reliable growth of

bilayer graphene but also n-layer as

mentioned earlier, be achieved through

growth ‘on top’ (atop) of a perfect

single-crystal, SLG film?

Are there ‘completely new’ methods

of synthesizing large-area and single-

crystal graphene compared with

existing methods? Some other chemi-

cal process?

How can large-area graphene be

transferred by a process that always

yields particularly clean graphene and

does not introduce any tears or cracks

in the transferred film.

Can (extremely rapid) ‘cut, pick, and

place’ methods be employed, using,

for example, large-area ‘perfect’ single-

crystal SLG to generate any n-layer

stacking, with desired interlayer twist

angle between all adjacent layers, and

for final products of the desired n-layer

stack that are centimeter or larger in lat-

eral dimensions? (The reader may

please note that there are many ques-

tions ‘embedded’ in this question. How

can the crystallographic orientation of

the large-area single crystal be rapidly

identified, how can the process be ac-

celerated from perhaps a manual ap-

proach to one that is done entirely with

robotics, and so on.)
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