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Correlating atomic configurations—specifically, degree of disorder (DOD)—of an
amorphous solid with properties is along-standing riddle in materials science and
condensed matter physics, owing to difficulties in determining precise atomic positions
in3D structures'™. To this end, 2D systems provide insight to the puzzle by allowing
straightforward imaging of all atoms®”. 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 theory?.
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

isthe key to growing variable-range-hopping conductive AMC with medium-range
order (MRO), whereasincreasing the temperature by 25 °C results in AMC losing MRO
and becoming electrically insulating, with anincrease in sheet resistance of 10° 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 afunction of these two parameters, directly linking microstructuresto
electrical properties. Our work represents animportant step towards understanding
the structure—property relationship of amorphous materials at the fundamental level
and paves the way to electronic devices using 2D amorphous materials.

The ‘microstructure determines properties’model hasbeen very suc-
cessfulinexplaining and predicting behaviours of crystalline materials
and purposely manipulating the properties of materials®'°. However,
apartfromthe challenge in determining the precise atomic positions,
3D glassy materials exhibit considerably diverse structural featuresin
short-to-medium-range ordering'>". Moreover, disorder types and
DOD exhibit notoriously complex behaviours with temperature, com-
position or even processing history, severely hampering a causal link

between critical structural features and macroscopic properties*>.
In 2D systems, because of the reduced structural complexity in the z
direction, structural puzzles of amorphousness could potentially be
addressed by direct imaging of all atoms®'>*, Structures of vitreous
monolayer silicaand carbon have been successfully resolved atom by
atom in 2D space®'. However, to decipher how micro-disorder influ-
ences macroscopic properties in 2D amorphous materials, the practical
tuning of both atomic arrangements and properties is a prerequisite,

'School of Materials Science and Engineering, Peking University, Beijing, China. ?School of Physical Sciences, CAS Key Laboratory of Vacuum Physics, University of Chinese Academy of Sciences,
Beijing, China. *School of Physics, Peking University, Beijing, China. “Department of Materials Science and Engineering, National University of Singapore, Singapore, Singapore. *Beijing National
Laboratory for Molecular Sciences, College of Chemistry and Molecular Engineering, Peking University, Beijing, China. ®Beijing National Laboratory for Condensed Matter Physics, Institute of
Physics, Chinese Academy of Sciences, Beijing, China. ’Advanced Research Institute of Multidisciplinary Science, Beijing Institute of Technology, Beijing, China. ®Key Laboratory of Interface
Science and Engineering in Advanced Materials, Ministry of Education, Taiyuan University of Technology, Taiyuan, China. °Anhui Province Key Laboratory of Condensed Matter Physics at Extreme
Conditions, High Magnetic Field Laboratory, Chinese Academy of Sciences, Hefei, China. °Songshan Lake Materials Laboratory, Dongguan, China. "Interdisciplinary Institute of Light-Element
Quantum Materials and Research Center for Light-Element Advanced Materials, Peking University, Beijing, China. International Center for Quantum Materials, Collaborative Innovation Center
of Quantum Matter, Peking University, Beijing, China. *School of Materials Science and Engineering, Tsinghua University, Beijing, China. *Department of Physics, Beijing Key Laboratory of
Opto-electronic Functional Materials and Micro-Nano Devices, Renmin University of China, Beijing, China. ®School of Physics, Liaoning University, Shenyang, China. "®Frontiers Science Center
for Nano-Optoelectronics, Peking University, Beijing, China. "CAS Center for Excellence in Topological Quantum Computation, University of Chinese Academy of Sciences, Beijing, China.
"®These authors contributed equally: Huifeng Tian, Yinhang Ma, Zhenjiang Li, Mouyang Cheng, Shoucong Ning. *e-mail: ji.chen@pku.edu.cn; wuzhou@ucas.ac.cn; |_liu@pku.edu.cn

56 | Nature | Vol 615 | 2 March 2023


https://doi.org/10.1038/s41586-022-05617-w
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-05617-w&domain=pdf
mailto:ji.chen@pku.edu.cn
mailto:wuzhou@ucas.ac.cn
mailto:l_liu@pku.edu.cn

Pyrolysis

Ty
‘v Sy

%
P

Catalytic cracking o®
o %o

Fig.1|Low-temperature CVD growth of AMC on Cufoils. a, Schematic of the
growth using BN-doped 1,8-dibromonaphthalene as the precursor. By the
pyrolysis, the precursor was decomposed to small species suchas A3 (containing
three atoms of B, Cor N, and several Hatoms), which was confirmed by the
pyrolysis-gas chromatography-mass spectrometry measurements. The growth

butremains elusive. Herein we report the chemical vapour deposition
(CVD) synthesis of AMC with distinct DOD by simply varying growth
temperatures, enabling the quantitative correlation of atomic arrange-
ments with electrical properties.

Figure 1a sketches the CVD growth of AMC from heteroaromatic
molecules. Compared with the laser-assisted dissociation of precur-
sors®, during thermal CVD, the main parameter governing the pre-
cursor decomposition is the substrate temperature, which can be
accurately controlled, enabling much more precise control of the pre-
cursor cracking, subsequent nucleation and growth. For the growth of
crystalline monolayer carbon (graphene), the thermal CVD has been
widely investigated through the precursor pyrolysis (>650 °C)*® or
self-assembling cyclic aromatic molecules without rings breaking
(typically <500 °C)*2* (Supplementary Table 1). To accomplish the
bottom-up growth of AMC, a polycyclic heteroarene, boron nitride
(BN)-doped 1,8-dibromonaphthalene®, was selected as the precursor
(Extended DataFig.1).

Growth over awide temperature range (200-800 °C) showed routine
temperature-dependent growth behaviours, with the onset growth
temperature at275 °C (Extended DataFig.2). Althoughirregular-shaped
films of more than hundreds of microns (AMC-300) were obtained
along Cufoil edgesat 300 °C, full-coverage, continuous AMC-400 and
AMC-500 films were consistently synthesized at higher temperatures
(Fig. 1b). Raman measurements of AMC samples show broad D and G
peaks without G’ signal (Fig. 1c), suggesting a high level of structural
disorder?. In contrast to the finite coverages of AMC-300, AMC-325
showed full coverage on Cu foils with a much higher growth velocity,
manifesting the growth mutation within 25 °C. AMC samples synthe-
sized above 500 °C had some bilayer regions, indicating the absence
of the self-limited growth™ (Extended Data Fig. 2). As control experi-
ments, AMC’ samples were grown with 1,8-dibromonaphthalene as
precursors (Extended Data Fig. 3), which showed a higher threshold
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consists of the surface-mediated molecule cracking and asubsequent
nucleation-growth process. b, Representative optical microscopy images of
AMC-300,AMC-400 and AMC-500 films after transfer onto SiO,/Si substrates.
Scale bars, 200 pm. ¢, Raman spectraof AMC samples, showingbroad Dand G
peaks and the complete absence of the G’ band.

temperature (350 °C) and only continuous films with full coverages.
These findings highlight the decisive role of the B/N incorporation in
precursors on relatively lower temperatures of precursor decompo-
sition and amorphous monolayer growth (Supplementary Note 1),
consistent with theoretical calculations of the cracking routes of pre-
cursors (Extended Data Fig. 4).

Figure 2a shows selected-area electron diffraction (SAED) patterns
acquired over regions of a few micrometres for different AMC sam-
ples. The diffuse halos and the absence of diffraction spots in SAED
patterns indicate the amorphous feature in all samples, whereas
halos of AMC-400 are more diffuse, suggesting a higher DOD. By
using four-dimensional scanning transmission electron microscopy
(4D-STEM) nanobeam electron diffraction (NBED), we further reduce
the characterization scale to afew nanometres. Figure 2b-d shows the
averaged NBED patterns for two adjacent subregions of 6 x 6 nm?in
three AMC samples. In Fig. 2b, the left panel shows a diffuse halo and
the right panel contains several broad first-order and second-order dif-
fraction spots as well as the diffuse halos, indicating aninhomogeneous
spatial distribution of nanocrystallites and glassy structures in AMC-
300 at the scale of 6 nm. Unlike AMC-300, the region-averaged NBED
pattern of AMC-400 at the same scale predominantly shows diffuse
halos (Fig. 2c) and for AMC-500, only blurry spots are observed with
halos (Fig. 2d), indicating the temperature-dependent differences in
DOD at the scale of sub-10 nm. Moreover, the averaged NBED patterns
of various sizes of subregions (Extended Data Figs. 5-7) show that,
when the size of the region is increased from 6 x 6 nm?to 36 x 36 nm?,
the NBED patterns of all samples turn into diffuse halos similar to the
SAED patterns, indicating the absence of long-range order.

Representative atomic-resolution annular dark-field scanning
transmission electron microscopy (ADF-STEM) images are shown in
Fig. 2e-g. All AMC samples show continuous networks composed of
threefold-coordinated sp*like carbon. To quantitatively describe the
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Fig.2|Atomic-scale structural characterizations of AMC. a, SAED patterns
of AMC-300,AMC-400 and AMC-500 samples acquired over micrometre-sized
regions. All diffraction patterns show diffused halos, whereas the halos are
more diffuse for AMC-400.b-d, Representative NBED patterns of two adjacent
regions (6 x 6 nm?) for AMC-300 (b), AMC-400 (c) and AMC-500 (d), respectively.
e-g, Representative denoised ADF-STEM images of AMC-300 (e), AMC-400

(f) and AMC-500 (g), with colour-coded overlaysin areas highlighted by red
rectangles. Hexagonal carbonringsin crystallite and isolated regions are
highlightedinbright greenand dark green, respectively, in which only the
areaequaltoorlarger thanahexagonsurrounded by six hexagonsis considered
asonecrystallite. Pentagonal carbonrings are filled with red and heptagonal
and octagonal rings are filled with blue. h, Statistics of the percentages

of pentagons (5), crystalline hexagons (6-c), isolated hexagons (6-i) and

amorphous structures, we first mapped different types of carbonring
by colours (Fig. 2e-g), in which the pentagons, heptagons/octagons
and hexagons are highlightedinred, blue and green, respectively. For
hexagons, bright and dark green are used to differentiate hexagonal
carbonringsinthecrystallite and isolated areas (denoted as 6-cand 6-i),
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heptagons/octagons (7/8).1,j, Statistics of bond-length distributions (i) and
bond-angle distributions (j). k, Statistics of the size distribution of crystallites,
intermsof the number of hexagons. I-n, Pair distribution functions g(r) of the
carbonatomsintheentireregions (I),in crystalline regions with radius >1.2 nm
(m)andinnon-crystalline (CRN) regions with radius >1.2 nm (n), obtained from
experimental ADF-STEM images of conventional CVD-grown graphene, AMC-300,
AMC-400 and AMC-500 samples, respectively.Inl,amongthe AMC samples,
MROin the range 6-10 A only exists for AMC-300 (highlighted by arrows). No
marked differences intheg(r) are observed inmand n, indicating that MRO is
presentinthecrystalline areas butabsentin CRN regions for allsamples. The
MRO difference between AMC-300 and AMC-400/AMC-500 is thus determined
by the higher ratio of crystalline to CRN areasin AMC-300.In h-n, 32 randomly
selected ADF-STEM images were used. Scale bars, 5nm™ (a-d),1nm (e-g).

respectively. Although all samples show graphene-like nanocrystallites
surrounded by continuous random network (CRN) regions®%, one can
see that AMC-300 contains larger crystallites and fewer CRN regions as
compared with AMC-400 and AMC-500 (Extended DataFig. 8). Figure 2h
shows the statistics of different types of carbon ring calculated from
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Fig.3|Electrical characterizations of AMC. a,b, Two-terminal /-Vmeasurements
inalinear (a) and logarithmic (b) plot, showing the very different conducting
behaviour of AMC, including the insulating ones (green), highly conductive ones
(blue) and intermediate ones (orange). ¢, Multi-terminal device measurements
using the TLM for one AMC-300 device to obtain R,with consideration of the
contactresistance. Inset, a false-colour opticalimage of the device. Scale bar,
10 pm. d, Conductivity diagram for AMC as a function of temperature, showing
the four different zones. The dashed line indicates the detection limit of the

32 randomly selected ADF-STEM images. The hexagons constitute
about 86% of the carbon rings in AMC-300, with most (about 67%)
in nanocrystallites and about 19% as isolated hexagons. By contrast,
AMC-400 contains moreisolated hexagons (about 45%) and more 5/7/8
rings (about 28%), demonstrating a higher DOD in AMC-400, whereas
AMC-500 exhibits comparable proportions of isolated hexagons (about
44%) with AMC-400 but slightly more non-six-membered rings (about
36%). For the statistics of bond length and bond angle based on 2D
projections seen in the ADF-STEM images (Fig. 2i,j), all AMC samples
show broad distributions of bond lengths and angles, which are much
more diffuse than those of graphene, indicating the high degree of
structural distortion in AMC samples. Although AMC-500 possesses
more distorted structures, both AMC-500 and AMC-400 clearly have
broader distributions in the bond length and bond angle than those
of AMC-300, suggesting higher DOD in AMC-400 and AMC-500 that
is consistent with the electron diffraction results.

The distribution of crystallite sizes, in terms of the number of
hexagons in each nanocrystallite, is shown in Fig. 2k. Compared with
AMC-300, the distributions of crystallite size in AMC-400 and AMC-500
shift to the lower range and no crystallites with sizes larger than 70
hexagons were detected, whereas nanocrystallites as large as 270 hexa-
gons (equivalent to a diameter of approximately 3.5 nm) were found
in AMC-300, though only a small portion. AMC-500 manifests smaller
and denser nanocrystallites than AMC-400. Moreover, the structure
of AMC-450 was analysed in the same manner (Fig. S4) and the size
and density of nanocrystallites are between those of AMC-400 and

T(K) v, (V)

instrument. The number of devices at each temperatureisn=10,and the
error bars show standard deviation. e, Four-probe resistance (black triangles)
versus temperature, showing the semiconducting behaviour for AMC-300
devices. Thered Iir{e isthefitting to Mott’s 2D variable-range-hopping model
(p(T) =< expl(Ty/T)3 1)***. Inset, natural logarithm of the currentas a function
of TY2.f, Typical transfer curves of field-effect transistors under different bias
voltages, showingslight p-type behaviours.

AMC-500, suggesting the temperature tuning of the distribution of
crystallite size.

Pair distribution functions g(r), calculated from distances between
carbon atom pairs in experimental ADF-STEM images, are further
evaluated"?. As shown in Fig. 2, for overall g(r) (for entire monolayer
regions), in contrast to the distinct and sharp peaksing(r) for graphene,
AMC samples show much broader peaks in g(r). Notably, whereas all
AMC samples hold similar short-range order (SRO), their g(r) show very
different behaviours in the 6-10-A range. Specifically, weak MRO is
observedonlyin AMC-300 withthree broad peaks marked by red arrows,
whereas MRO is absent in AMC-400 and AMC-500 (and AMC-450,
Fig.S4g). Tounderstand the origins of the presence/absence of MRO in
AMC, we further analysed g(r) separately for nanocrystallineand CRN
regions greater than1.2 nminsize. For crystalline regions (Fig.2m), all
samples show clear SRO and weak MRO, with broad peaks retained in
the 6-10-A range, whereas CRN regions (Fig. 2n) only show SRO without
any peaks in the MRO range. The analysis thus indicates that the ratio
of the crystalline and non-crystalline regions, as well as their spatial
distributions, determines the overall g(r) (Fig. 21), which s consistent
with the analysis of SAED/NBED patterns (Fig. 2a—-d) and ring types
(Fig. 2h).

To explore whether the DOD discrepancies can be translated into
chemical/physical properties, thermostability in air and electrical
measurements on AMC have been performed. By heating AMC samples
with laser irradiations and simultaneously tracking the evolution of
Raman spectra (Extended Data Fig. 9), we found that AMC-400 had
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Fig.4|Theoretical analysis of the relationship between DOD and
conductivityin AMC. a, Conductivity diagram as afunction of the level of
MRO nyro and the average density of hopping sites pg;.., based on the theoretical
calculations. For graphene, AMC-300, AMC-400, AMC-450 and AMC-500, the
conductivity and two order parameters canbe derived from experiments and
match well withtheory. b, Schematics of the hopping conduction model, in
whichthe circlesindicate conductingsites. ¢, The definition of Ayzo. The blue
lineisoneg(r) from STEMimages and theredline shows alinear fitof the
blueline from4to12 A. The shaded regionindicates the difference between the
bluelineand theredline, and the area of the shaded regionis defined as Ayzo.
Thelevel of MROis defined as the ratio between A,zo of AMC and graphene,
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the poorest thermal stability, whereas AMC-300 exhibited the highest
stability, in consonance with DOD differences®. As shown in Fig. 3a,b for
I-Vcurves of two-terminal AMC devices (Supplementary Table 3), AMC
samples canbe classified into three groups by electrical conductivities,
showing a conductor-to-insulator transition and continuous tuning of
conductivities. Using the transmission line method (TLM), we obtained
the sheet resistance R, of conductive AMC samples after deducting
contactresistances (Fig. 3cand Extended Data Fig.10) and plotted R, as
afunction of growth temperature (Fig. 3d), which was naturally divided
into four zones. In zone I (<275 °C), no AMC sample can be grown.
Highly conductive AMC with R, as low as 32 kQ 0%, presence of MRO
and finite coverage were prepared inzoneIl (275-300 °C). Notably, by
onlyincreasing25°C, AMCjumpedintozonelll (300 °C < T< 400 °C),
with anincrease of R, by nine orders of magnitude (beyond the detec-
tion limit of our instruments; Extended Data Fig. 11), the absence of
MRO and full coverage. AMC samplesin zone IV (>400 °C) manifest the
tunable R,with anegative temperature correlation and smaller, denser
nanocrystallites (Figs. S5-S7). With the same molecule precursor and
growth procedure, we show one-billion-fold enhancement in electri-
cal conductivities of amorphous monolayers by simply varying the
growthtemperature (325 °Ct0300 °C), and further tuning the growth
temperature can continuously fill the gap between these two limits.
For bulk amorphous materials, changing the synthesis temperature
by 25 °C normally does not affect their properties, not to mention the
modulation of electric properties®®, demonstrating unprecedented
advantages of tuning DOD in 2D amorphous materials. Furthermore,
four-probe resistance measurements (Fig. 3e) show that AMC-300
behaves as a classical semiconductor, with the resistance decreas-
ing on increasing temperature. The natural logarithm of the current
shows alinear dependence on T (inset of Fig. 3e), indicating the 2D
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of MRO, plotted with double logarithmic axes. Vertical lines represent values
of nyro corresponding to AMC-300 and AMC-400, which were calculated using
experimentally observed structures, predicting seven orders of magnitude
differencein conductivity. e,f, Patterns of conducting sites for AMC-400 and
AMC-500, respectively. Only crystalline regions are plotted, and differently
coloured clustersindicate discrete hoppingsites. g,h, Monte Carlo simulations
of electron hopping for AMC-400 and AMC-500, respectively. The blue dots are
meansquare displacements <r?>as a function of simulation time and the red
lines are corresponding linear fits, in which the electronic conductivity is
indicated by the slope according to Einstein’s relation. The saturation of <r*>
for AMC-400 indicates the electronlocalization within conducting sites and,
consequently, insulating.

variable-range-hopping conduction for AMC-300 (refs. ***) (and zone
IV AMC samples; Extended Data Fig.10g).

To understand the AMC conductivity and its relation to DOD, sys-
tematic theoretical analyses were carried out. We performed density
functional theory calculations on the nanocrystalline regionand CRN
region (Supplementary Note 2). Calculations show that, although con-
ductionbands canforminbothstructures, the ordered nanocrystalline
region is probably more conducting and the disordered CRN region
dominated by non-six-membered rings is more insulating. Such analysis
is consistent with the previous theoretical studiesin which ring disor-
dersin AMC substantially change the density of states and reduce elec-
tronic conductivity***, These calculations suggest that we can discuss
the conductivity of the whole structure by dividingitinto conducting
and insulating regions, in which the hopping conductivity model can
then be used, as also suggested by experimental measurements*3¢,

We further identified that, when considering electron transport in
AMC, the DOD needs to be described by two order parameters, namely
thelevel of MRO and the average density of conducting sites pg;.., (Sup-
plementary Note 3). As shown in Fig. 4a, these two order parameters
collectively determine the conductivity of AMC in two dimensions. A
randomstructure generation was designed toreproduce awide range of
structures (Supplementary Note 4) and the hopping conductivity model
issketchedinFig.4b. Thelevel of MRO is defined by the ratio between
the medium-range areain g(r) of AMC and graphene (Fig.4c). The total
conductivity is plotted logarithmically as a function of nyo (Fig. 4d,
Supplementary Note 4 and Supplementary Fig. S9). The conductivity
is enhanced by seven to eight orders of magnitude from AMC-400
to AMC-300, which agrees with experimental measurements.

Although MRO in AMC-400 and above is mostly suppressed (Fig. 2i),
Psies IS NEcessary to characterize DOD. In Fig. 4e,f, we extracted



nanocrystalline regions from atomic images of AMC-400 and AMC-500,
showing that AMC-500 contains smaller crystalline regions with a
higher density than AMC-400. With larger but sparser conducting
regions (lower pg..), electrons hop from one region to another with
less probability, and can even be shown to be electrically insulating
(AMC-400). On the contrary, with higher p.,, electrons are able to
hop across the whole sample, leading to a p,;...-dependent conductiv-
ity (AMC-500 and above). Monte Carlo simulations were performed
to corroborate the proposed mechanism (Supplementary Note 5).
In Fig. 4g,h, the mean square displacement <r*> of electron hopping
saturates over time for AMC-400, indicating localized hopping for
electrons. The monotonicincrease of <r>>with time shows long-range
hopping of electrons as the origin of the electrical conductivity of
AMC-500 holding the same level of MRO with the insulating AMC-400.

The conductivity diagram of AMC as a function of o and pg.s Was
therefore built theoretically (Fig. 4a), and experimental DOD-con-
ductivity relationships of graphene, AMC-300, AMC-400, AMC-450
and AMC-500 perfectly fitted this theory diagram, substantiating the
proposed model. Our study highlights the complexity of DOD, that s,
the MRO cannot fully describe the relationship between the electrical
conductivity and structural DOD. In previous studies, conductivity of
amorphous graphene based on theoretically proposed structures has
been calculated using more accurate ab initio approaches, showing
that defects and topological disorders can induce Anderson localiza-
tion and insulating behaviour of AMC?. Our studies show a new set of
structural models of AMC involving a larger-scale structure, in which
theoreticalinsights ontransport properties can be learned further by
more accurate calculations. We note that our experimental charac-
terizations and theoretical model of AMC are in 2D space based on a
reasonable assumption that puckering effects do not alter electronic
structures substantially>s.

In conclusion, amorphous carbon monolayers with distinct DOD
andelectrical conductivity were synthesized by using heteroaromatics
precursorsin the thermal CVD. Atomic configurations of amorphous
monolayers were well correlated with their macroscopic properties
at the fundamental level, benefiting from the precise determination
of atom positions in 2D space. Our results provide one real case to
establish the structure-property relationship in 2D glassy systems
and, meanwhile, can lead to the immediate exploration of ultrathin
electronics by, for example, in-plane epitaxial growth, leading to wide-
spread applications based on 2D amorphous carbons®. Disorder can
also play a critical role in electron localization, leading to supercon-
ductor-insulator and metal-insulator transitions**, which does not
occur in the present experiments. Further structural transformation
driving monolayer carbons to the critical metal-insulator transition
point could be an intriguing topic¥.
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Methods

Synthesis of molecular precursors

The synthesis of BN-doped 1,8-dibromonaphthalene (product 5; see
Extended Data Fig. 1) was completed in four steps starting from dial-
lylaminoboron dichloride, which can be easily obtained by the reaction
ofinexpensive and commercially available BCl, and diallylamine®. Sub-
sequentallylation and ring-closing metathesis mediated by the Grubbs
catalyst afford product 3. Then compound 4 canbe achieved at elevated
temperatures with 2,3-dicyano-5,6-dichlorobenzoquinonein hexane.
Finally compound 5 as the final product can be attained by bromination
reaction with AlIBryand N-bromosuccinimide.1,8-Dibromonaphthalene
(product 6) isa commercial product (Sigma Aldrich, 764094).

CVD growth of AMC

The 25-um-thick Cu foils (Alfa Aesar, item no. 046986) were initially
cleaned by diluted (16%) HNO, and deionized water and then annealed
at1,000 °Cin Ar/H, (20 vol% H,) flow for 30 min. Pre-annealed Cu foils
were loaded into a tube furnace with the precursors, which were far
away from the furnace heating zone. During the whole growth pro-
cess, an oil-free turbopump station was used to circumvent possible
carbon contaminations. The Cu foils were first heated to the desired
temperature (for example, 300 °C) in 15 sccm of H, and then the pre-
cursor crucible was heated to 90 °C by heating tape for 5-30 min.
The growth ceased by stopping the evaporation, followed by abruptly
cooling down.

Transfer of CVD samples

The as-grown samples were spin-coated with polymethyl methacrylate
(PMMA) and then baked at 160 °C for 2 min. After etching off the Cu
foil in FeCl; solution (1 M), a floating PMMA/AMC stack was obtained
and then washed by hydrochloric acid solution (36%) and deionized
water several times to remove any residual etchant. The PMMA/AMC
stack was then scooped up with 285-nm-thick SiO,/Si substrates or
transmission electron microscopy (TEM) grids. PMMA was eventu-
ally removed with acetone and trichloromethane. One alternative
methodto transfer AMC ontoa TEM grid is the direct transfer without
involving polymers. One quantifoil Au grid was put (faced down) on
one AMC/Cu substrate, followed by applying a drop of isopropanol
(IPA) to be immersed. By the slow evaporation of IPA, the TEM grid
could be contacted with AMC sample, acting as a support for AMC
in the subsequent etching and drying process. 1 M Na,S,0¢ solution
was used to etch Cu foil away and, after being washed by deionized
water several times, the resulting TEM grid was rinsed by IPA and then
naturally dried.

Characterizations

Optical measurements. Raman measurements were performed after
the AMC samples were transferred onto SiO, substrates. One 532-nm
continuous-wave laser was focused onto as-prepared samples by a
100x (NA = 0.9) objective lens. The Raman signals were collected by the
same objective using a backscattering configuration and analysed by
atriple-grating spectrometer (Horiba, iHR320). X-ray photoelectron
spectroscopy (XPS) spectrawere measured by an AXIS Supraapparatus
(Kratos Analytical Ltd.) and XPS data were analysed with the XPSPEAK
software.

Pyrolysis-gas chromatography-mass spectrometry measure-
ments. The pyrolysis-gas chromatography-mass spectrometry
measurements were performed using the EGA/PY-3030D pyrolyser
(Frontier Lab) together witha GCMS-QP2010 Plus gas chromatograph
and mass spectrometer (Shimadzu). Inone run, the pyrolyser was first
heated to the designed temperature (275 °C, 300 °C, 325 °C, 400 °C,
450 °C,500 °C, 600 °C,700 °Cand 800 °C) and then10 mg + 0.05 mg
of precursorswas sentinto the pyrolyser by asample cup. After 6-60 s

of airtight heating, the pyrolysis products were transferred toa DB-5ms
capillary column (30 m x 0.25 mm x 0.25 um) with heliumas the carrier
gas. After the chromatographic separation, the pyrolysis products
were finally sent to the mass spectrometer. The data were recorded
and analysed by using GCMSsolution v4.44 software and the intensity
ofthe chromatographic peaks (ratio) was calculated by the integral of
the peak area.

SAED and STEM measurements. SAED was conducted in a JEOL
2100Plus transmission electron microscope at 80 kV. The STEM experi-
ments were performed ona monochromated and aberration-corrected
Nion U-HERMES100 electron microscope under an accelerating voltage
of 60 kV. The sample was transferred onto a microelectromechanical-
systems-based heating chip and then baked at 160 °C for 20 hina
high-vacuum chamber before being loaded into the microscope. For
the in situ heating experiment, the temperature was increased from
20 °Cto 650 °Cover10 minand thenkept at 650 °C during STEM analy-
sis.Inanalternative heating process, AMC samples were first annealed
inthe JEOL 2100Plus at 650 °C for 2 hand cooled toroom temperature,
then quickly transferred into the Nion U-HERMES100 microscope for
characterizations at room temperature (Supplementary Table 4). The
convergence semi-angle was 32 mrad and the beam current was about
23 pAfor STEMimaging and electron energy loss spectroscopy meas-
urement. The collection angles for ADF-STEM and high-angle dark-field
scanning transmission electron microscopy images were 44-210 mrad
and 75-210 mrad, respectively. The dispersion, scanning pixel size and
exposure time were 0.3 eV per channel, 0.33 A and 300 ms, respec-
tively, for electron energy loss spectroscopy spectrum imaging. The
convergence angle was set to 2 mrad and the beam current was about
268 pAforthe 4D-STEMNBED experiment. The 4D-STEM datasets were
acquired using acomplementary metal-oxide-semiconductor (CMOS)
camera with a scanning step of 1 nm per pixel and exposure time of
0.8 ms.Raw ADF-STEM images were denoised using adouble-Gaussian
filter*. The coordinates of atomsin the ADF-STEM images were deter-
mined using ahome-built script (Supplementary Note 6). For the pair
distribution function, the distance between every pair of atoms was
calculated and the distance distribution was plotted.

Device fabrication and transport measurements. Multi-terminal
devices of AMC samples were fabricated on SiO,/Si chips using the
standard microfabrication procedures of electron-beam lithography.
Oxygen plasmawas used to patternthe samples. Electric contacts were
deposited by thermal evaporation (ZHD400) of In (10 nm)/Au (40 nm)
and thelift-off process. Two-terminal /-Vmeasurements were carried
outbyavacuum probe station using Keithley 2614B SourceMeters. For
four-terminal measurements, the devices were loaded into cryostats
(Quantum Design PPMS-16 system) and transport measurements were
performed using three lock-in amplifiers (SR830) at different tem-
peratures. A constant AC voltage bias was applied between the source
and drainand the current through the sample measured, whereas the
other two lock-ins measured the longitudinal sheet resistance and the
Hall resistivity.

Computational details. The pathway of catalytic cracking of precursor
molecules was calculated by density functional theory calculations,
performed with the Vienna Abinitio Simulation Package (VASP)*. Pro-
jector augmented wave potentials** were used with an energy cutoff
of 400 eV. The PBE exchange-correlation functional® was used to de-
scribe the intralayer and interlayer interactions in conjunction with
the D3 van der Waals corrections of Grimme*®. Anin-plane lattice con-
stant 3.623 A was used for the Cu(100) slab to model the reaction
enthalpy of the splitting of precursors. Supercells were built with a
thick vacuumslab (>17 A) tomodel the surfaces. A1 x1xlanda6 x 6 x 1
K-points mesh were used for total-energy and density-of-state calcula-
tions, respectively. The amorphous monolayer graphene structures



used in calculations of density of states and partial charge densities
were built on the basis of experimental measurements and were fully
optimized. Numerical calculations of the conductivity were performed
with a self-developed Python program. For Monte Carlo simulations
ofelectron hopping, coordinates of atoms were extracted directly from
experimental data and further expanded by applying periodic bound-
ary conditions. During each Monte Carlo simulation, 10,000 walkers
(electrons) were used and the initial position of electrons was ran-
domly set. By following the variable hopping model, electrons were
allowed to hop to all atoms, in which the probability of each hopping
event (fromislands i to, P;) decayed to the exponential of hopping
distance (R;, fromislands ito) by Py exp"”Rﬂ‘. Similar to the variable-
range-hopping model, the parameter ais set as 1 (see Supplementary
Note 4 for more discussion).
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Extended DataFig.1|Molecule synthesis and characterization. a, Organic (2 equiv), hexane, 60 °C,17%; (d) AlBr,, N-bromosuccinimide, CH,Cl,, 62%.
synthesis route of BN-doped1,8-dibromonaphthalene, which was used as the b, Molecular structure of 1,8-dibromonaphthalene used as the growth precursor
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Extended DataFig.5|Region-averaged 4D-STEM NBED patterns of
AMC-300 from two different areas, one areawith insitu heating (a-c)

and one without heating (d-f). The scanningregion of the 4D-STEM dataset

is 36 x 36 nm?. Averaged NBED patterns are obtained by dividing the whole
scanningregionsinto 6 x 6 (a,d),3 x3 (b,e) and1 x 1(c,f) subregions. The NBED
patterns of different subregionsinaand 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 6 nm.

Thediffractionspots gradually become broadened and disappear when
increasing the size of the averaging region from 6 x 6 nm?(a,d) to 12 x 12 nm?
(b,e) and 36 x 36 nm?(c,f), inagreement with the SAED resultin Fig. 2a. The
results ofa-c were obtained usinginsitu heatingat 650 °C and the dark strips
inthe centre of convergent-beamelectron diffraction patterns are minor gain
artefacts from the CMOS camera. Theresults of d-fwere obtained atroom
temperature.Scalebars, 5nm™ (a-f).




Extended DataFig. 6|Region-averaged 4D-STEMNBED patterns of AMC-400
from two different areas, one area withinsitu heating (a-c) and one
without heating (d-f). The scanning region of the 4D-STEM dataset is

36 x36 nm?. Averaged NBED patterns are obtained by dividing the whole
scanningregionsinto6 x 6 (a,d),3 x3 (b,e)and1x1(c,f) subregions. Diffuse
halos are the dominant features of subregion NBED patterns (a,d), indicating
thedistinctive structure difference between AMC-300 (Extended Data Fig. 5)
and AMC-400 at the sub-10-nmscale. The halos become more diffuse when

increasing the size of the averaging region from 6 x 6 nm?(a,d) to12 x 12 nm?
(b,e) and exhibit no apparent difference with AMC-300 and AMC-500 at the
scale of 36 x 36 nm?(c,f). Region-averaged NBED results strongly confirm the
greater DODin AMC-400, consistent with the conclusion fromreal-space STEM
imagesinthe main text. The results of a-c were obtained using in situ heating at
650 °Candthedarkstripsinthe centre of convergent-beam electron diffraction
patterns are minor gain artefacts from the CMOS camera. The results of d-fwere
obtained atroomtemperature. Scalebars, 5 nm™ (a-f).




Extended DataFig.7|Region-averaged 4D-STEMNBED patternsof AMC-500 DOD thatagreeswiththe finding from STEMimages. The halosbecome more
from two different areas, a-cinoneareaand d-fin the other. The scanning diffuse when increasing the size of the averaging region from 6 x 6 nm?(a,d) to
region of the 4D-STEM dataset is 36 x 36 nm?. Averaged NBED patterns are 12 x12nm?(b,e) and exhibit no apparent difference with AMC-300 and AMC-400
obtained by dividing the whole scanning regionsinto 6 x 6 (a,d),3 x 3 (b,e) and atthescale of 36 x 36 nm?(c,f). The results were obtained at room temperature.
1x1(c,f)subregions, respectively. Diffuse halos with blurry spots are found as Scalebars, 5 nm™ (a-f).

the main features of subregion NBED patternsaandd, showing the intermediate




AMC-300

AMC-400

AMC-500

Extended DataFig. 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
arefilled with blue. Hexagons are filled with bright green or dark green to show
crystallites orisolated areas, respectively. Theresults of a-d were obtained

using insituheatingat 650 °C and the results of eand fwere obtained by first
annealing the sample at 650 °Cfor2 hin 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. Scalebars,1nm (a-f).
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Extended DataFig. 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 SiO,/Sisubstrates and then consecutive Raman
measurements were performed by 4 mW of laser (continuous wave, 532 nm).
Theacquisition time of asingle spectrumwas 10 s, with the interval duration
0of100 s for AMC-300 and no breaks for AMC-400 and AMC-500. We noticed

that, withlonger laserirradiation, the Ramanintensities 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.
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Extended DataFig.10|Electrical measurements of conductive AMC
samples. a-f, Measurements of R;by the TLM for AMC samplesinzonesIland
1V, showing the temperature-dependent conductivities. Insets, opticalimages
of as-fabricated devices. g, R, (blackcircles) as afunction of Tin one device of
AMCinzonelV (550 °C).Inset, natural logarithm of the current as a function of
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T2, Thered lines are the fits to the 2D variable-range-hopping model. h, Results
of room-temperature Hall measurements, showing the p-type semiconductor
behaviour withamobility ofabout 0.1cm?VS™. Inset, opticalimage of the device
with the standard Hall bar configuration. Scale bars, 20 um (insets of a-f h).
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Extended DataFig.11|Electrical measurements of insulating AMC samples.
a, Opticalimages of as-fabricated AMC devices with the sample highlighted by
dashedbluelines.b, Two-terminal /-V curves with abias sweep from-10 Vto
10 V.AMCsamples from zonelll, including AMC-325, AMC-350, AMC-375 and
AMC-400, show <2 pA of the current, comparable with that from the bare SiO,
substrate, strongly suggesting the highly insulating behaviours. By contrast,
AMC-450 fromzone IV manifests an almost linear current response. We note
that we treat this/-Vcurve of AMC-450 (the normal linear response to applied
voltage but with the lowest currentinall AMC devices) as the detection limit

of ourinstruments for the AMC system. ¢, Temperature-dependent/-Vcurves
for AMC-350, showing noincrease of the current at elevated temperatures.

9000
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d, Raman mapping of the sum of Gand D peaks (inarea), correspondingto the
channelregion 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
fromzonelllareindeed electrically insulating with the comparable level with
SiO,, or atleastinthelimitof ourinstruments. Scale bars, 20 pm (a), 5 pum (d-f).
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