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            Abstract
Epitaxyâ€”the growth of a crystalline material on a substrateâ€”is crucial for the semiconductor industry, but is often limited by the need for lattice matching between the two material systems. This strict requirement is relaxed for van der Waals epitaxy1,2,3,4,5,6,7,8,9,10, in which epitaxy on layered or two-dimensional (2D) materials is mediated by weak van der Waals interactions, and which also allows facile layer release from 2D surfaces3,8. It has been thought that 2D materials are the only seed layers for van der Waals epitaxy3,4,5,6,7,8,9,10. However, the substrates below 2D materials may still interact with the layers grown during epitaxy (epilayers), as in the case of the so-called wetting transparency documented for graphene11,12,13. Here we show that the weak van der Waals potential of graphene cannot completely screen the stronger potential field of many substrates, which enables epitaxial growth to occur despite its presence. We use density functional theory calculations to establish that adatoms will experience remote epitaxial registry with a substrate through a substrateâ€“epilayer gap of up to nine Ã¥ngstrÃ¶ms; this gap can accommodate a monolayer of graphene. We confirm the predictions with homoepitaxial growth of GaAs(001) on GaAs(001) substrates through monolayer graphene, and show that the approach is also applicable to InP and GaP. The grown single-crystalline films are rapidly released from the graphene-coated substrate and perform as well as conventionally prepared films when incorporated in light-emitting devices. This technique enables any type of semiconductor film to be copied from underlying substrates through 2D materials, and then the resultant epilayer to be rapidly released and transferred to a substrate of interest. This process is particularly attractive in the context of non-silicon electronics and photonics, where the ability to re-use the graphene-coated substrates8 allows savings on the high cost of non-silicon substrates.
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                    Figure 1: Substrateâ€“epilayer remote interaction with different gaps created by different numbers of stacked graphene interlayers.[image: ]


Figure 2: Characterization of GaAs grown on the monolayer grapheneâ€“GaAs(001) substrate.[image: ]


Figure 3: AlGaInPâ€“GaInP double heterojunction LEDs on a grapheneâ€“GaAs substrate.[image: ]


Figure 4: Single-crystalline III-V(001) films exfoliated from grapheneâ€“III-V(001) substrates after remote epitaxy.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Natural slab separation with n graphene layers present between GaAs slabs.
To determine the maximum number of graphene layers that can be inserted within this critical gap, we calculate the natural separation induced by graphene interlayers using the structure shown on the left. The results show that the grapheneâ€“As distance d3 is 3.14â€‰Ã…, the grapheneâ€“graphene distance d2 is 3.15â€‰Ã… and the grapheneâ€“Ga distance d1 is 1.9â€‰Ã…. A detailed description of calculated distances is in the table at the bottom for both Gaâ€“As and Asâ€“As terminated cases.


Extended Data Figure 2 SEM images of front grown surface and released surface of GaAs films grown on monolayer, bilayer and tetralayer graphene stacks transferred onto GaAs(001) substrates.
a, The front surface of the GaAs epilayer grown on monolayer grapheneâ€“GaAs substrate is generally smooth but also contains impinging marks which need to be addressed by further optimization of nucleation and growth. Inset, 1â€‰Î¼mâ€‰Ã—â€‰1â€‰Î¼m non-contact AFM scan; the epitaxial layer appears to be growing via step flow growth. The r.m.s. roughness of the AFM scan is 0.3â€‰nm. b, c, Three-dimensional growth was observed for films grown on thicker grapheneâ€“substrates owing to limited registry from the substrates. Scale bars, 4â€‰Î¼m. Top and bottom panels of aâ€“c indicate front and released surfaces, respectively.


Extended Data Figure 3 HRXRD Ï‰â€“2Î¸ scans of â€˜exfoliatedâ€™ GaAs epilayers.
a, Diagram of exfoliated stacks of GaAs released from a grapheneâ€“GaAs(001) substrate. b, Ï‰â€“2Î¸ scan of GaAs exfoliated from monolayer graphene transferred on a GaAs(001) substrate showing (001) single-crystallinity as indicated by XRD peaks of the (002) and (004) lattice labelled in red. c, Ï‰â€“2Î¸ scan of GaAs exfoliated from bilayer graphene transferred on GaAs(100) substrate showing polycrystallinity with dominant (111) orientation, as indicated by the XRD peak of the (111) lattice labelled in red, and d, Ï‰â€“2Î¸ scan of GaAs exfoliated from tetralayer graphene transferred on a GaAs(001) substrate showing polycrystallinity with dominant (111) orientation, also indicated by XRD peak of the (111) lattice labelled in red. The Ï‰â€“2Î¸ scans also picked up XRD peaks from the Ni stressor film and the Ti adhesion layer that was used to exfoliate the GaAs films (Methods). The presence of these films are shown by the XRD peak of the (111) Ni lattice and the (101) lattice of anatase TiO2 from the Ti layer.


Extended Data Figure 4 GaAs(111) films grown on a monolayer grapheneâ€“GaAs(111)B substrate.
Schematic illustration at left shows exfoliation process of a thin-film GaAs(111) epilayer. The EBSD map demonstrates the versatility of the method used to copy the substrate orientation through graphene by remote homoepitaxy. On the right is the inverse pole figure colour triangle for crystallographic orientations. a, EBSD map of the released surface of a GaAs(111) layer substrate. b, SEM image of the front surface, as grown. c, SEM image of the released surface.


Extended Data Figure 5 Steady-state room temperature photoluminescence spectra.
Shown are steady-state photoluminescence spectra of GaAs substrate and exfoliated GaAs epilayer grown by remote epitaxy.


Extended Data Figure 6 LED light emission before and after transfer.
a, Diagram of the graphene-based layer transfer of LEDs. b, Iâ€“V curves of LEDs before and after transfer. c, Light emission of LEDs before and after transfer.


Extended Data Figure 7 Plan-view SEM of exfoliated surface of GaAs.
a, Smooth parts indicate release from graphene, and rough parts indicate spalling directly from GaAs substrate surface through graphene defects. If mechanical defects such as holes and cracks in graphene exist, they permit direct exposure of the GaAs(001) surface to adatoms, resulting in the direct binding of adatoms to the substrate. Location of b is shown boxed. b, Direct epitaxy of GaAs epilayers on GaAs substrates causes jagged topology (spalling marks) upon exfoliation due to the occurrence of spalling. However, such marks are observed in limited areas.
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        Editorial Summary
Graphene-enhanced epitaxy
Epitaxy is widely used by the semiconductor industry to produce materials for many devices, but its application is limited by the materials it can be applied to in a cost-effective manner. Yunjo Kim et al. now overcome this limitation by placing a monolayer of graphene between the substrate and the so-called epilayer grown on top. The graphene layer does not interfere with the epitaxial growth, yet allows rapid release of films that perform as well as conventionally prepared semiconductor films in optical devices. The ability to 'copy and paste' semiconductor films from underlying substrates through two-dimensional materials and rapidly release and transfer them to a substrate of interest enables cost savings because the graphene-coated substrates can be re-used. This could have a substantial effect on advanced electronics and photonics made from unconventional materials.
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