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            Abstract
Correlating atomic configurationsâ€”specifically, degree of disorder (DOD)â€”of an amorphous solid with properties is a long-standing riddle in materials science and condensed matter physics, owing to difficulties in determining precise atomic positions in 3D structures1,2,3,4,5. To this end, 2D systems provide insight to the puzzle by allowing straightforward imaging of all atoms6,7. Direct imaging of amorphous monolayer carbon (AMC) grown by laser-assisted depositions has resolved atomic configurations, supporting the modern crystallite view of vitreous solids over random network theory8. Nevertheless, a causal link between atomic-scale structures and macroscopic properties remains elusive. Here we report facile tuning of DOD and electrical conductivity in AMC films by varying growth temperatures. Specifically, the pyrolysis threshold temperature is the key to growing variable-range-hopping conductive AMC with medium-range order (MRO), whereas increasing the temperature by 25â€‰Â°C results in AMC losing MRO and becoming electrically insulating, with an increase in sheet resistance of 109 times. Beyond visualizing highly distorted nanocrystallites embedded in a continuous random network, atomic-resolution electron microscopy shows the absence/presence of MRO and temperature-dependent densities of nanocrystallites, two order parameters proposed to fully describe DOD. Numerical calculations establish the conductivity diagram as a function of these two parameters, directly linking microstructures to electrical properties. Our work represents an important step towards understanding the structureâ€“property relationship of amorphous materials at the fundamental level and paves the way to electronic devices using 2D amorphous materials.
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                    Fig. 1: Low-temperature CVD growth of AMC on Cu foils.[image: ]


Fig. 2: Atomic-scale structural characterizations of AMC.[image: ]


Fig. 3: Electrical characterizations of AMC.[image: ]


Fig. 4: Theoretical analysis of the relationship between DOD and conductivity in AMC.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Molecule synthesis and characterization.
a, Organic synthesis route of BN-doped 1,8-dibromonaphthalene, which was used as the main precursor for the growth. (a) C3H5MgBr (2 equiv), 70%; (b) (Cy3P)2Cl2Ru=CHPh (0.8â€‰mol%), CH2Cl2, 92%; (c) 2,3-dicyano-5,6-dichlorobenzoquinone (2 equiv), hexane, 60â€‰Â°C, 17%; (d) AlBr3, N-bromosuccinimide, CH2Cl2, 62%. b, Molecular structure of 1,8-dibromonaphthalene used as the growth precursor in the control experiment. c, 1H nuclear magnetic resonance spectrum of compound 5 (400â€‰MHz, CDCl3, 298â€‰K).


Extended Data Fig. 2 Characterizations of AMC samples grown at different temperatures.
a, Representative optical images of AMC samples, showing the limited coverage at low temperature (275â€‰Â°C and 300â€‰Â°C), continuous and uniform films at medium temperatures (325â€“500â€‰Â°C) and films with bilayer regions at high temperatures (600â€“800â€‰Â°C). b, Raman spectra of AMC samples, showing the similar feature, that is, broad D and G peaks without Gâ€² signals. At 850â€‰Â°C, a weak Gâ€² peak was found at about 2,690â€‰cmâˆ’1. c, Raman mapping of ID/IG for AMC-300, AMC-400 and AMC-500, demonstrating the spatial uniformity. d, Statistics of ID/IG as a function of growth temperature, showing no monotonic, or apparent, temperature dependence. Considering the DOD differences among AMC samples as shown by STEM characterizations, ID/IG is probably not a good indicator of DOD. Scale bars, 200â€‰Î¼m (a), 5â€‰Î¼m (c).


Extended Data Fig. 3 Characterizations of AMCâ€² samples with 1,8-dibromonaphthalene as the precursors.
a, Optical images of AMCâ€² samples transferred onto SiO2/Si substrates. No AMCâ€² sample was obtained at 300â€‰Â°C or 325â€‰Â°C. Continuous and uniform AMCâ€™ films were obtained at intermediate temperatures and samples with the continuous first layer and the partially covered second layer were obtained when Tâ€‰â‰¥â€‰600â€‰Â°C. b, Raman spectra of AMCâ€² samples, showing the complete absence of Gâ€² peaks. c, Iâ€“V curves of two-terminal AMCâ€² devices, showing varied conductivities for AMCâ€² samples. d, Diagram of Rs as a function of growth temperature, naturally exhibiting three zones. Scale bar, 200â€‰Î¼m (a).


Extended Data Fig. 4 Density functional theory calculations of catalytic (on Cu) and thermal (in vacuum) cracking of two molecules.
a,b, The predicted reaction process and energy profiles of splitting the molecules (without Br) without (a) and with (b) BN doping into carbon chains. The reaction energy is defined as the energy of the final state minus that of the initial state. c, The calculated decomposition route and energy barriers for A3-2 (CH3-CH2-CH3) cracking on Cu. d, The formation energy (Î”E) per carbon atom on the Cu(100) surface for C, C-C and C-C-C. For n carbon atoms, Î”E is defined as Î”Eâ€‰=â€‰(Etotalâ€‰âˆ’â€‰nECâ€‰âˆ’â€‰ECu)/n, in which Etotal, EC and ECu are the energies of the absorbed system, a single carbon atom in vacuum and a Cu surface, respectively. e, The absorption energy (Î”E) of CxHy species on the Cu(100) surface. The absorption energy Î”E is defined as Î”Eâ€‰=â€‰(Etotalâ€‰âˆ’â€‰nECxHyâ€‰âˆ’â€‰ECu)/n. f, Reaction enthalpies for 1D linear chains forming 2D compact clusters. mCxâ€‰+â€‰nCy on the x label means the combination of m Cx and n Cy carbon chains. C5-C6 (containing nine carbon atoms) represents a pentagon sharing an edge with a hexagon and the same notation applies for C6-C6, C5-C7 and C6-C7.


Extended Data Fig. 5 Region-averaged 4D-STEM NBED patterns of AMC-300 from two different areas, one area with in situ heating (aâ€“c) and one without heating (dâ€“f).
The scanning region of the 4D-STEM dataset is 36â€‰Ã—â€‰36â€‰nm2. Averaged NBED patterns are obtained by dividing the whole scanning regions into 6â€‰Ã—â€‰6 (a,d), 3â€‰Ã—â€‰3 (b,e) and 1â€‰Ã—â€‰1 (c,f) subregions. The NBED patterns of different subregions in a and d show strong diffuse halos, along with occasional broadened diffraction spots, demonstrating the random spatial distribution of crystallites and glassy structures at the small scale of 6â€‰nm. The diffraction spots gradually become broadened and disappear when increasing the size of the averaging region from 6â€‰Ã—â€‰6â€‰nm2 (a,d) to 12â€‰Ã—â€‰12â€‰nm2 (b,e) and 36â€‰Ã—â€‰36 nm2 (c,f), in agreement with the SAED result in Fig. 2a. The results of aâ€“c were obtained using in situ heating at 650â€‰Â°C and the dark strips in the centre of convergent-beam electron diffraction patterns are minor gain artefacts from the CMOS camera. The results of dâ€“f were obtained at room temperature. Scale bars, 5â€‰nmâˆ’1 (aâ€“f).


Extended Data Fig. 6 Region-averaged 4D-STEM NBED patterns of AMC-400 from two different areas, one area with in situ heating (aâ€“c) and one without heating (dâ€“f).
The scanning region of the 4D-STEM dataset is 36â€‰Ã—â€‰36â€‰nm2. Averaged NBED patterns are obtained by dividing the whole scanning regions into 6â€‰Ã—â€‰6 (a,d), 3â€‰Ã—â€‰3 (b,e) and 1â€‰Ã—â€‰1 (c,f) subregions. Diffuse halos are the dominant features of subregion NBED patterns (a,d), indicating the distinctive structure difference between AMC-300 (Extended Data Fig. 5) and AMC-400 at the sub-10-nm scale. The halos become more diffuse when increasing the size of the averaging region from 6â€‰Ã—â€‰6â€‰nm2 (a,d) to 12â€‰Ã—â€‰12â€‰nm2 (b,e) and exhibit no apparent difference with AMC-300 and AMC-500 at the scale of 36â€‰Ã—â€‰36â€‰nm2 (c,f). Region-averaged NBED results strongly confirm the greater DOD in AMC-400, consistent with the conclusion from real-space STEM images in the main text. The results of aâ€“c were obtained using in situ heating at 650â€‰Â°C and the dark strips in the centre of convergent-beam electron diffraction patterns are minor gain artefacts from the CMOS camera. The results of dâ€“f were obtained at room temperature. Scale bars, 5â€‰nmâˆ’1 (aâ€“f).


Extended Data Fig. 7 Region-averaged 4D-STEM NBED patterns of AMC-500 from two different areas, aâ€“c in one area and dâ€“f in the other.
The scanning region of the 4D-STEM dataset is 36â€‰Ã—â€‰36â€‰nm2. Averaged NBED patterns are obtained by dividing the whole scanning regions into 6â€‰Ã—â€‰6 (a,d), 3â€‰Ã—â€‰3 (b,e) and 1â€‰Ã—â€‰1 (c,f) subregions, respectively. Diffuse halos with blurry spots are found as the main features of subregion NBED patterns a and d, showing the intermediate DOD that agrees with the finding from STEM images. The halos become more diffuse when increasing the size of the averaging region from 6â€‰Ã—â€‰6â€‰nm2 (a,d) to 12â€‰Ã—â€‰12â€‰nm2 (b,e) and exhibit no apparent difference with AMC-300 and AMC-400 at the scale of 36â€‰Ã—â€‰36â€‰nm2 (c,f). The results were obtained at room temperature. Scale bars, 5â€‰nmâˆ’1 (aâ€“f).


Extended Data Fig. 8 Denoised ADF-STEM images and the corresponding structural mapping of the AMC-300 (a,b), AMC-400 (c,d) and AMC-500 (e,f) samples, respectively.
Pentagons are filled with red. Heptagons and octagons are filled with blue. Hexagons are filled with bright green or dark green to show crystallites or isolated areas, respectively. The results of aâ€“d were obtained using in situ heating at 650â€‰Â°C and the results of e and f were obtained by first annealing the sample at 650â€‰Â°C for 2â€‰h in the JEOL 2100Plus transmission electron microscope, cooling down to room temperature and quickly transferring into the Nion U-HERMES100 microscope for characterization at room temperature. Scale bars, 1â€‰nm (aâ€“f).


Extended Data Fig. 9 Thermostability of AMC-300 (a), AMC-400 (b) and AMC-500 samples (c) in air shown by Raman spectroscopy.
The monolayers were transferred onto SiO2/Si substrates and then consecutive Raman measurements were performed by 4â€‰mW of laser (continuous wave, 532â€‰nm). The acquisition time of a single spectrum was 10â€‰s, with the interval duration of 100â€‰s for AMC-300 and no breaks for AMC-400 and AMC-500. We noticed that, with longer laser irradiation, the Raman intensities from the same spot gradually decayed owing to the structural damage by the heating effect. By tracing the evolution of Raman spectra, we found that AMC-300 held the highest thermostability, whereas AMC-400 suffered severely from the radiolysis. The results of the thermostability evaluation are consistent with our atomic-level structure characterizations.


Extended Data Fig. 10 Electrical measurements of conductive AMC samples.
aâ€“f, Measurements of Rs by the TLM for AMC samples in zones II and IV, showing the temperature-dependent conductivities. Insets, optical images of as-fabricated devices. g, Rs (black circles) as a function of T in one device of AMC in zone IV (550â€‰Â°C). Inset, natural logarithm of the current as a function of Tâˆ’1/3. The red lines are the fits to the 2D variable-range-hopping model. h, Results of room-temperature Hall measurements, showing the p-type semiconductor behaviour with a mobility of about 0.1â€‰cm2â€‰Vâˆ’1â€‰Sâˆ’1. Inset, optical image of the device with the standard Hall bar configuration. Scale bars, 20â€‰Î¼m (insets of aâ€“f,h).


Extended Data Fig. 11 Electrical measurements of insulating AMC samples.
a, Optical images of as-fabricated AMC devices with the sample highlighted by dashed blue lines. b, Two-terminal Iâ€“V curves with a bias sweep from âˆ’10â€‰V to 10â€‰V. AMC samples from zone III, including AMC-325, AMC-350, AMC-375 and AMC-400, show <2â€‰pA of the current, comparable with that from the bare SiO2 substrate, strongly suggesting the highly insulating behaviours. By contrast, AMC-450 from zone IV manifests an almost linear current response. We note that we treat this Iâ€“V curve of AMC-450 (the normal linear response to applied voltage but with the lowest current in all AMC devices) as the detection limit of our instruments for the AMC system. c, Temperature-dependent Iâ€“V curves for AMC-350, showing no increase of the current at elevated temperatures. d, Raman mapping of the sum of G and D peaks (in area), corresponding to the channel region of the AMC-350 device marked by the dashed red lines in the top-middle panel of a, demonstrating the continuity of AMC across two electrodes. e,f, Atomic force microscopy results of the AMC-375 channel area (indicated by the dashed red line in the top-right panel of a) in height (e) and phase (f), both showing the absence of any apparent structural cracks or holes. By confirming the AMC continuity in the device channel from the Raman and atomic force microscopy characterizations, we conclude that AMC samples from zone III are indeed electrically insulating with the comparable level with SiO2, or at least in the limit of our instruments. Scale bars, 20â€‰Î¼m (a), 5â€‰Î¼m (dâ€“f).
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