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            Abstract
Bulk amorphous materials have been studied extensively and are widely used, yet their atomic arrangement remains an open issue. Although they are generally believed to be Zachariasen continuous random networks1, recent experimental evidence favours the competing crystallite model in the case of amorphous silicon2,3,4. In two-dimensional materials, however,  the corresponding questions remain unanswered. Here we report the synthesis, by laser-assisted chemical vapour deposition5, of centimetre-scale, free-standing, continuous and stable monolayer amorphous carbon, topologically distinct from disordered graphene. Unlike in bulk materials, the structure of monolayer amorphous carbon can be determined by atomic-resolution imaging. Extensive characterization by Raman and X-ray spectroscopy and transmission electron microscopy reveals the complete absence of long-range periodicity and a threefold-coordinated structure with a wide distribution of bond lengths, bond angles, and five-, six-, seven- and eight-member rings. The ring distribution is not a Zachariasen continuous random network, but resembles the competing (nano)crystallite model6. We construct a corresponding model that enables density-functional-theory calculations of the properties of monolayer amorphous carbon, in accordance with observations. Direct measurements confirm that it is insulating, with resistivity values similar to those of boron nitride grown by chemical vapour deposition. Free-standing monolayer amorphous carbon is surprisingly stable and deforms to a high breaking strength, without crack propagation from the point of fracture. The excellent physical properties of this stable, free-standing monolayer amorphous carbon could prove useful for permeation and diffusion barriers in applications such as magnetic recording devices and flexible electronics.
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                    Fig. 1: Morphology of MAC.


Fig. 2: Atomic structure of MAC from TEM.


Fig. 3: Mechanical properties of MAC.


Fig. 4: Insulating properties of MAC.
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Extended data figures and tables

Extended Data Fig. 1 Optical image and Raman mapping of MAC film transferred on Si/SiO2 substrate.
a, MAC transferred to SiO2/Si wafer. Crease and fold at MAC edge from transfer process. b, Contrast-enhanced image in greyscale shows no topological features visible on MAC. c, Raman mapping shows that the intensity ratio of the D to G band, ID/IG, is uniform at the edge of transferred MAC on a Si/SiO2 substrate. This ratio is slightly higher than the expected ratio of 0.82, as the Raman background signal is not subtracted during Raman mapping. d, Raman map (50 × 50 µm2, with 2,500 data points) of ID/IG shows uniform quality over a large area (standard deviation is ±1.8%).


Extended Data Fig. 2 Comparison of large-area TEM data.
a, Polycrystalline graphene with grain size 200–500 nm. b, Nanocrystalline graphene (sample in Fig. 2i) with grain size 1–3 nm. c, MAC (sample in Fig. 2h). Left, bright-field TEM; centre, DF-TEM with false-colour image overlay showing crystal domains; right, SAED patterns. Both polycrystalline and nanocrystalline graphene show crystal domains under DF-TEM and have well defined SAED diffraction patterns. MAC has no visible domains in DF-TEM. Only MAC has the characteristic amorphous halo from SAED diffraction.


Extended Data Fig. 3 Thickness of MAC.
a, AFM topography of MAC transferred onto an atomically flat, exfoliated BN crystal. b, Close-up of the region indicated by the white box in a, with a scan length of 3 µm. c, Height profile of MAC, obtained by averaging vertically over the entire image scan in b, shows a thickness of about 0.6 nm. d, Optical image of MAC grown on gold substrates and transferred onto SiO2 by wet transfer with KI/I2 solution as gold etchant and followed by 7 h annealing in Ar/H2 at 300 °C. For MAC transferred from gold, residues from the gold etching cannot be fully removed owing to the non-optimized transfer process. e, AFM topography of a folded MAC edge in d to obtain one and two layers. f, The height profile along the red dotted line in e gives the thickness of MAC grown on gold as about 0.8 nm. Residual contamination from the transfer step and difference in substrate interactions may account for the higher thickness of MAC when transferred from gold.


Extended Data Fig. 4 Current–voltage measurement and gate dependence.
a, Nonlinear I–V curves in Fig. 4b shown in linear scale. b, Gate dependence of MAC with electrostatic gating by SiO2/Si back gate shows ambipolar behaviour and strong temperature dependence, increasing from 100 GΩ per square at room temperature to 1 TΩ per square at 200 K.


Extended Data Fig. 5 Resistivity of samples as a function of the temperature.
a, Temperature dependence of the resistivity for a set of devices with two- and three-layer MAC (denoted BL and TL, respectively). b, The linear fit of the resistivity of offset α and power N, as described by the formula ρ = αTN, shows a linear correlation, N = 2.2(±0.6) − 0.33(±0.02)logα. The data in a, b are provided in Supplementary Table. c, d, Resistivity of tri-layer MAC sample (sample ID TL0) as a function of temperature plotted in a linear scale. The Mott plot (c) shows a temperature limit of 135 K (indicated by the black arrow) up to which it can be applied, as opposed to a power-law dependence (d). The red lines are the best linear fits.


Extended Data Fig. 6 Universal scaling of nonlinear I–V characteristics for ML1 sample.
All I–V curves are collapsed to a single curve indicating apparent power-law dependence in a disordered quasi-one-dimensional system. The equation for the universal scaling curve is from ref. 21.


Extended Data Fig. 7 Selection of MAC theoretical model.
The configuration for the MAC structure at the 20,000th iteration is chosen as the theoretical model, shown in Fig. 2c, for its similarity to experimental HRTEM images of MAC. Previous steps also show an unstable ring structure (for example, rings with fewer than four carbon atoms, or ill-defined rings). Furthermore, the ring size distribution from 10,000 steps is similar . Colour overlay is added for identification of pentagons (red), heptagons/octagons (blue) and strained hexagons (purple or green) that are omnipresent. Crystallites (green) separate regions with non-hexagons. Crystallites are defined to consist of at least one hexagonal ring surrounded by six hexagonal rings.


Extended Data Fig. 8 Modulus square of electronic wavefunctions.
The lowest unoccupied wavefunctions (blue) are shown for ten states with energies closest to the Fermi energy. This shows localization on non-hexagon rings that are separated by crystallites.


Extended Data Fig. 9 Optical measurements of MAC on SiO2/Si.
a, Photoluminescence spectra were measured with an excitation wavelength of 473 nm. The peaks marked by asterisks correspond to the Raman signal from MAC. The emission spectrum of the film has a broad peak centred at 600 nm. b, Relative permittivity of MAC on SiO2/Si substrate by ellipsometry measurements. Eg is taken where the imaginary part equals zero, at about 590 nm (2.1 eV), at which the real part of the relative permittivity is approximately 11.
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This file contains Supplementary Notes 1-4, Supplementary Table, Supplementary Figures 1-11 and Supplementary References.


Supplementary Data
Atomic coordinates for the theoretical model of MAC constructed using the kinetic Monte Carlo method at the 20,000th iteration. This is used for calculations in Fig. 4d–f. Data are provided in the internal XCrySDen structure format (XSF).


Video 1
The video shows a 4 cm × 4 cm unsupported monoatomic layer of carbon (MAC) floating on the surface of water. For visibility, black dots were marked on the corners and edge of the sheet before removal of growth substrate. MAC is nudged to move around the water surface without incurring any damage.
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