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Figure 1 (Color online) Cu(111)/sapphire wafer. (a) Atomic-sputtering epitaxy system for Cu(111) wafer, using single-crystal Cu target and wires, and
equipped with mechanical noise-elimination system™. (b) Photograph of a 2 in. Cu(111) wafer fabricated by atomic-sputtering epitaxy system"*.. (c)
Electron backscatter diffraction results of the 2 in. Cu(111) wafer’®. (d) High-resolution transmission electron microscopy image of the Cu-Al,O;
interface®”. Scale bar, 2 nm. (e) In-plane twin boundaries distribution of the 2 in. Cu(111) wafer®®). (f) Schematic of the fabrication of single-crystal Cu

(111) wafer driven by temperature-gradient annealing™. (g) Statistics of optical characterization results of the 4 in. Cu(111) wafer
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Figure 2 (Color online) Wrinkle control of single-crystal graphene wafers. (a) Schematic of the formation of wrinkles in CVD-derived graphene
(b) Scanning electron microscopy image of graphene wrinkles grown on Cu(111) foil*. (¢) Schematic of the microstructure of graphene wrinkles
(d) Schematic of the growth of fold-free bilayer graphene wafers on CuNi(111) films!*®!. (e) Optical microscopy (OM) image of as-obtained bilayer
graphene wafers*®. (f) Photograph of a 6 in. single-crystal CuNi(111) wafer!'”.. (g) Raman spectra of as-grown graphene from different growth
temperaturest'”. (h) AFM image of graphene grown on CuNi(111) films at 750°C!"). (i) Ilustration of proton-assisted growth of ultra-flat graphene
wafers*®). (j) Illustration of wrinkle avoidance via decoupling graphene from grown substrates'*®!. (k) Electrical measurement results of the ultra-flat
graphene grown by proton-assisted methods**). Inset, OM image of the Hall bar device. Scale bar, 100 um
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Figure 3 (Color online) Thickness control of single-crystal graphene wafers. (a) Schematic of the synthesis of layer-controlled single-crystal graphene
wafers via Cu-Si alloy substrates'*”). (b) Photograph of monolayer, bilayer, trilayer and tetralayer graphene transferred to a SiO,/Si substrate™*. (c)
Photograph of tetralayer graphene on a 2 in. Cu(111) wafer'*?l. The inset shows a photograph of the tetralayer film transferred onto a SiO,/Si substrate.
(d) Angle-resolved photoemission spectroscopy spectra for monolayer to tetralayer graphene wafers*?!. (¢) Schematic of the CO,-assisted bilayer
graphene growth®¥. (f) Statistics of the distribution of twist anlges in as-obtained bilayer graphene™*!
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Figure 4 (Color online) Single-crystal graphene on Ge wafers. (a) Photograph of single-crystal graphene grown on a 2 in. Ge wafer®. (b) SEM image
of graphene domains grown on the Ge(110) surface!™!. (¢) Thermodynamic diagrams of graphene with the armchair edge on the Ge(110) surface with
terraces or steps. Schematic diagram for H- and Ge-passivated graphene with armchair edges is shown in the right panel®®. (d) AFM image of graphene
islands grown on the preannealed Ge(110) surface with a reduced density of atomic steps°®’. Scale bar, 1 pm. (¢) AFM image of graphene islands
prepared on the Ge(110) surface with atomic steps™®. Scale bar, 1 pm. (f) Histogram of misorientation-angles of graphene islands grown on Ge(110)
substrates'®®. (g) Schematic of the growth process of well-alligned graphene films on Ge(001) surfaces™”. (h) AFM image of graphene islands on the
15° miscut Ge(001) surface™®”. Scale bar, 400 nm. (i) Mobility mapping of the 4 in. graphene film on the 15° miscut Ge(001) wafer™’!. Scale bar,
20 mm. (j) Histograms mobility distributions of the 4 in. graphene film collected on the 15° miscut Ge(001) wafer’®”)
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Figure 5 (Color online) Single-crystal graphene wafer on sapphire substrates. (a) Photograph of the induction heating CVD system for the growth of
single-crystal graphene/sapphire wafers®”). (b) The simulated temperature distribution of the induction heating CVD system.. (c) The corresponding
temperature profile against the distance from graphite carrier™. (d) Photograph of an as-grown 2 in. graphene/sapphire wafer'>”. (e) Statistics of sheet
resistance. The inset shows the sheet resistance map of the 2 in. graphene/sapphire wafer™!. (f) Mobility measurement results. The inset is the OM
image of the Hall bar device. Scale bar, 2 um™. (g) Schematic of the growth of single-crystal graphene at the Cu(111)-Al,05(0001) interface!®!. (h)
OM image of the hexagonal graphene islands. Scale bar, 10 pm®*. (i) Raman spectra of the synthesized bilayer graphene on sapphire substrates'®). (g)
Raman spectra of the synthesized trilayer graphene on sapphire substrates'®”!
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Figure 6 (Color online) Equipment for the mass production of graphene wafers. (a) Photograph of hot-wall CVD equipment, schematic of wafer
placement and simulation results of the gas flow velocity in the reaction chamber?. (b) Photograph of 4 in. single-crystal graphene wafer products!®.
(c) AFM image of 4 in. single-crystal graphene wafers'®”). (d) Photograph of cold-wall CVD equipment!’?. (¢) Photograph of graphene wafers prepared
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Single-crystal graphene wafers have proven to be a competitive candidate material for silicon semiconductor technology, owing to
their excellent electrical, thermal, and mechanical properties. Achieving high-quality, single-crystal graphene wafers through
controlled growth methods is, therefore, of great significance in graphene-related research, and has been regarded as the key
guarantee to bridge graphene materials to high-performance electronic and optoelectrical devices. Among various synthesis
methods, chemical vapor deposition (CVD) has demonstrated great advantages to producing graphene films with high quality,
controllability, and scalability, making it a mainstream approach for the synthesis of single-crystal graphene wafers. However, to
ensure that the synthesized graphene wafers achieve true single-crystallinity, the precise design of catalyst substrates and careful
control over the epitaxial behavior of graphene are crucial. Moreover, the strategies for achieving the aligned growth of graphene
domains vary significantly depending on the grown substrate and the targeted application. In addition, the underlying mechanism
for the epitaxial growth of graphene wafers also differs depending on these factors. Recent years have witnessed rapid
development in the CVD-derived graphene wafers on single-crystal metal substrates, covering the state-of-the-art methods for
controllable synthesis and up-scale technologies for mass production. Meanwhile, significant breakthroughs have also been
achieved in the direct growth of graphene single-crystals on semiconductor and insulating substrates, paving the way for the
commercial utilization of graphene materials in electronics, photonics, energy and environment fields.

In this review, recent progress towards the CVD growth of single-crystal graphene wafers is summarized based on the type of
grown substrates, such as metal, semiconductors and insulators. We first discussed the single-crystallization methods for the
fabrication of Cu(111) films on sapphire substrates, which is a prerequisite for the subsequent preparation of graphene single
crystals and determines the quality of the resulting graphene films. Subsequently, we reviewed recent progress on the growth of
single-crystal graphene wafers on Cu(111) and Cu-based alloy(111) substrates, focusing on the advancements made in the
elimination of graphene wrinkles and the precise control of graphene thickness. These advancements are critical as they
significantly impact the quality and uniformity of the graphene wafers, which in turn affect their performance in electronic
applications. Then, we reviewed the progress on the direct fabrication of single-crystal graphene wafers on semiconductor
substrates. These approaches avoid the transfer process, which often introduces damage, contamination, and doping to the
graphene, thereby preserving its intrinsic properties. In particular, we primarily discussed the growth behavior of graphene
domains on single-crystal Ge wafers with different crystal planes, together with underlying epitaxial mechanism. In addition, we
reviewed the effective strategies for the synthesis of graphene single crystals directly on insulating substrates, which mainly aim to
address the challenges associated with the catalytic inertness of insulating surfaces, such as ultra-high temperature growth and
fabrication of catalytic-insulator growth interfaces. Finally, we discussed the development of scalable technologies and advanced
equipment for the pilot-scale production of single-crystal graphene wafers, which is essential to reduce production costs for final
commercial applications.

In conclusion, this review highlights the recent progress in the CVD growth of single-crystal graphene wafers on metal,
semiconductor, and insulating substrates, focusing on substrate design, epitaxial growth control, and scalable manufacturing
technologies. We believe that, the future of single-crystal graphene wafers lies in continuous breakthroughs in fundamental
research, scalable technologies, and mass production equipment. With these advancements, single-crystal graphene is potential to
become a key material in many cutting-edge applications, particularly in the fields of high-performance electronics and
optoelectronics, and thereby accelerates the development of graphene industry.
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