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Tellurium-assisted growth of large-scale
atom-thin insulating amorphous carbon on
insulating substrates
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Zhaolong Chen 2,5, Xingli Wang 6,7, Jiawei Liu2, Kongyang Yi 1,
DundongYuan8, XiaoweiWang9, Peikun Zhang3, Chao Zhu 1,6, Xiaoxu Zhao 10,
Wei Ma1, Yao Wu 1, Ruihuan Duan 1, Qundong Fu 1,6, Jiefu Yang1,
Xiuxian Zhou1, Mengyao Cao1, Chao Zhu 8, Beng Kang Tay 6,7, Jian Zhang11,
Mickael Lucien Perrin 12,13,14, Wu Zhou 4 , Zhuhua Zhang 3 ,
Kostya S. Novoselov 2 & Zheng Liu 1,6

Monolayer amorphous carbon (a-C), an atom-thin two-dimensional (2D) car-
bon amorphous material, has attracted significant attention due to its struc-
tural and transport properties. Here, we report a chemical vapor deposition
(CVD) approach for directly synthesizing monolayer a-C films on insulating
substrates, achieving high control over their size, thickness, and fabrication.
The synthesized films exhibit a complete coverage over a 2-inch wafer, with
high uniformity. Our theoretical analysis reveals the critical role of tellurium in
promoting the growth ofmonolayer a-C on the substrate. Moreover, quantum
tunnelingmeasurements at liquid helium temperature were conducted on the
a-C films, confirming the samples’ homogeneity and their insulating behavior.
This work provides a promising strategy for direct synthesis of atom-thin
insulating amorphous materials and deepens our understanding of quantum
phenomena and electronic properties in low-dimensional disordered
materials.

Monolayer a-C is a one-atom-thick amorphous material comprising
two-dimensional (2D), randomly interconnected networks of carbon
atoms. These 2D a-C films have recently garnered substantial attention
owing to their atomically thin thickness, non-crystalline nature, and
potential applications1–5. Since the first synthesis of monolayer a-C in
20202, current research primarily focuses on manipulating disorder
structures and understanding the fundamental electrical conductivity
of 2D a-C3. However, previous synthesismethods for a-Cfilms required
the use of copper substrates2,3, followed by the transfer step through a
chemical etching process. This method could potentially lead to resi-
dual contaminant issues and unavoidably influence fundamental stu-
dies and commercial applications of a-C films.

Apart from the growth of 2D a-C that needs improvement, a
deeper understanding of its insulating behavior is equally crucial.

Previous reports primarily relied on high resistivity values around
room temperatures as the main evidence to describe its transport
properties and demonstrate its insulating behavior2, which is not strict
enough in physics as the high temperature will obscure the intrinsic
properties of thematerial by the increasedelectronhoppingdue to the
high disorder and increased thermally activated transport. In com-
parison, low-temperature measurements not only reduce thermal
excitation, but also enable the analysis of phenomena pertaining to
quantum effects. This forms the basis for utilizing quantum tunneling
to investigate insulating behavior in this experiment. Moreover, the
amorphous nature, featured by the absence of long-range ordering, is
also explorable at low temperatures. Thus, low-temperature mea-
surements are generally indispensable at such conditions but chal-
lenging due to the poor in-plane electrical conductivity of a-C at low
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temperatures. Instead, capitalizing on the two-dimensional nature of
a-C materials, quantum tunneling characterization undeniably pre-
sents a feasible option for studying electrical behavior of 2D materials
at liquid helium temperature.

Herein, we present an efficient and flexible CVD method for the
direct synthesis of wafer-size a-Cmonolayers with precise control over
size andmorphology on diverse substrates, thereby enabling seamless
integration into standard fabrication processes. Furthermore, we
investigate the low-temperature electrical properties of a-C using a
unique quantum tunneling device. Our findings reveal that amorphous
carbon films exhibit insulating behavior, shedding light on the

understanding of amorphous insulator and showcasing the potential
for developing a-C film-based devices.

Results
Synthesis and characterization of 2D a-C
The process of synthesizing monolayer a-C film using a carbon-doped
molybdenum (C-Mo) film is illustrated schematically in Fig. 1a–b. First,
a C-Mo film with a thickness of ~2 nm was deposited on the Si/SiO2

wafer via magnetron sputtering, serving as the precursor (see Sup-
plementary Figs. 1–3, for additional details), as indicated in Fig. 1a.
Then, the C-Mo film is heated in a CVD furnace (Supplementary Fig. 4).

Fig. 1 | Direct growth and atomic structure ofmonolayer amorphous carbon (a-
C) on the SiO2/Si substrate. a,b Schematic diagrams for the 2Da-C synthesis using
C-dopedMo films. c, dOptical images ofMo films before (c) and after synthesis (d)
at 650 °C for 1 h. e, fTypical Raman (e) andX-ray photoelectron spectroscopy (XPS)
(f) spectra of Mo film (black) and synthesized a-C (red). g, h Representative
denoised annular dark-field scanning transmission electron microscopy (ADF-

STEM) image and the corresponding color overlays of monolayer a-C. Each color
corresponds to a specific type of carbon ring: pink for five-membered rings (5),
green for six-membered rings (crystallite regions in light green (6-c) and isolated
hexagonal regions in dark green (6-i)), and purple for rings containing seven or
more carbon atoms (7 + ). i Statistics of different types of carbon rings in (h). Scale
bars: 20 µm in (c, d), 0.5 nm in (g).

Article https://doi.org/10.1038/s41467-025-63872-7

Nature Communications |         (2025) 16:8824 2

www.nature.com/naturecommunications


During this process, the molybdenum evaporates, and carbon atoms
coalesce to form an a-C film, progressing from stage I (Fig. 1a) to stage
II (Fig. 1b). The experimental procedure can be found in the “Methods”
section, along with detailed information provided in Supplementary
Figs. 5–9.

Optical images of the ultra-thin C-Mo precursor film and the as-
synthesized 2D a-C film are presented in Fig. 1c and d, respectively,
both exhibiting a uniform and continuous appearance. However, the
differencebetween the twofilms is discernable in the Raman spectrum
and X-ray photoelectron spectroscopy (XPS) data (Fig. 1e, f). Notably,
prior to growth, no Raman peaks pertaining to carbon are observed.
Following the growth process, distinct Raman D and G bands, char-
acteristic features of graphitic materials6, become prominent. These
findings suggest the formation of carbon bonding during the growth
process. Importantly, the broadened nature of the Raman D and G
peaks results in a slight overlap with each other, which, together with
the absence of the 2D peak, signifies a lack of long-range order in the
lattice7–9. This observation aligns with the characteristic features of
previously reported a-C materials2,3. XPS analysis was employed to
monitor the compositional changes of the precursor film, showing no
detectable Mo signal after the growth process (Fig. 1f and Supple-
mentary Fig. 10). This result was further validated by transmission
electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX) characterizations (Supplementary Figs. 11 and 12). Furthermore,
the Raman maps and SEM images shown in Supplementary
Figs. 13 and 14 confirm the uniformnature of the synthesized a-C films.
Next, annular dark-field scanning transmission electron microscopy
(ADF-STEM) analysis was conducted to confirm the amorphous nature
of the carbon film at atomic scale. The representative STEM image in
Fig. 1g shows a typical monolayer amorphous carbon structure, char-
acterized by a contiguous network of carbon atoms reminiscent of
graphene but lacking long-range periodic order. Then, the color-
coding overlays illustrated in Fig. 1h highlights the structural distinc-
tions between the a-C and conventional graphene. Compared with
uniform hexagonal rings formed by sp2-hybridized carbon atoms in
graphene, the rings in the a-C may consist of 5 to 9 atoms with a non-
uniform distribution. Pink represents five-membered rings, green
represents six-membered rings, and purple represents rings contain-
ing seven or more carbon atoms. The six-membered carbon rings are
further subdivided into crystallite regions indicated in light green, and
isolated regions indicated in dark green, following the method
reported previously3, where the crystallites are defined as regions
comprising at least a central hexagon with six adjacent hexagonal
rings. The statistics for the different types of carbon rings in Fig. 1i
show ratios consistent with those previously reported for the mono-
layer a-Cmaterial3. More statistical analyses based on the STEM images
further substantiate the absence of long-range periodicity (Supple-
mentary Fig. 15). Finally, the TEM/STEM images acquired frommultiple
locations (Supplementary Figs. 16 and 17) and selected-area electron
diffraction (SAED) patterns obtained from micron-scale regions fur-
ther confirm the amorphous nature of the a-C films (Supplemen-
tary Fig. 18).

Figure 2 shows the wafer-size 2D a-C films, high-resolution sample
patterning, and substrate engineering. Figure 2a showcases 2-inch a-C
films on SiO2/Si wafer, underscoring the capability of our method in
fabricating a-C films of arbitrary sizes. Raman analysis reveals the
uniformity of the a-C film, as evidenced by consistent Raman D and G
peaks throughout the film-covered area (Supplementary Fig. 19). Fur-
thermore, Raman G peak intensity mapping collected at multiple
positions across the a-C wafer further supports this homogeneity
(Fig. 2b). Additionally, our method allows for the pre-patterning of the
C-Mo precursor, facilitating the direct growth of a-C into a pre-
determined geometry with good uniformity (Fig. 2c–f, and Supple-
mentary Fig. 20). This morphology-controllable synthesis, previously
unattainable with copper substrate-based methods, broadens the

scope of applications for amorphous materials. Furthermore, a-C can
be grown on diverse substrates, as illustrated by the uniform samples
on sapphire and quartz substrates (Supplementary Fig. 21). Moreover,
we can also obtain a-C films with controlled thickness (Supplementary
Fig. 22) equivalent tomonolayer to trilayer. These results highlight the
versatility of our method, including the direct synthesis of a-C on
insulating substrates, establishing a robust platform for exploring
wafer-scale synthesis strategies. They also underscore the potential of
amorphous materials for scalable production, customizable pattern-
ing, and compatibility with diverse substrates.

Formation mechanism of 2D a-C
Controlled experiments, simulation and theory calculations have been
performed to understand the formation mechanism of 2D a-C. Our
experiments (Supplementary Figs. 5–7) show that the supply of a trace
amount of tellurium (Te) source during the growth is key to facilitate
the formation of 2D a-C film (Fig. 3a). To elucidate the role of Te atoms,
kinetic Monte Carlo (kMC) simulations of the growth process were
conducted. Given that the research on monolayer a-C system is still in
its early stages and lacks qualitative understanding2,3,10, a coarse-grain
kMC model based on energy-driven kMC (EDkMC)11–14 was developed
to understand the experimental results qualitatively. Density function
theory (DFT) calculations were also employed to evaluate carbon-
substrate interactions, subsequently used as an input of van der Waals
(vdW) parameters in kMC simulations (Fig. 3d). More details can be
found in the “Methods” section and Supplementary Fig. 23. Simula-
tions indicate that a minute a-C sheet emerges from the nucleus on an
amorphous SiO2 covered substrate during growth, featuring a lattice
composed of hexagons randomly mixed with pentagons, heptagons,
and octagons. Yet, compared to planar graphene lattices, the presence
of non-hexagon rings induces off-plane buckling15, particularly pro-
nounced on the weakly interacting SiO2 substrate. This off-plane
buckling can accumulate during growth, biasing the growth of the
carbon sheet into a 3D amorphous structure (Fig. 3b) that agrees with
experimental observations (inset of Fig. 3d and Supplementary Fig. 5).

In reality, the growth front of carbon film must contain carbon
radicals with dangling bonds for the growth to proceed. DFT calcu-
lations show that a free Te atom could bond between an oxygen atom
of the substrate and a carbon radical at the rim of a carbon film
(Fig. 3a, d). Such bridge bonding significantly strengthens the inter-
action between the carbon film and the substrate, particularly along
the film’s rim. Incorporating this effect into our kMC simulations
leads to an effective suppression of the off-plane buckling of carbon
sheets, ultimately yielding a nearly flat 2D a-C film (Fig. 3c) that
echoes our experimental results.

Note that the relatively flexible Te bonds at the growth tempera-
ture Tg is crucial for the growth of 2D a-C, as the breaking of a part of
these unstable bonds is necessary tomaintain the growth.Without this
feature, Te atoms would either be consumed by covalently bridging
the carbon film and substrate or terminate the growth by bonding to
all carbon radicals at the growth front. Furthermore, the influenceofTg
on growth was investigated. Despite the intrinsic randomness of the
kMC method, the simulations suggested a trend that carbon film
crystallinity is enhanced with increasing Tg, reaching a higher crystal-
linity at Tg = 900 °C (Fig. 3e and Supplementary Fig. 24), which is
consistent with the STEM and Raman results that observed nano-
graphene features at 850 °C (Supplementary Figs. 8 and 25). Theore-
tical analysis reveals that a reduced temperature favors the formation
of amorphous carbon, and the Te atoms further promote the trans-
formation of a-C into 2D sheets.

Low-temperature quantum tunneling measurements
Then, the in-plane measurements conducted on a-C films revealed a
high electrical resistance, as shown in Supplementary Fig. 26, con-
sistent with the insulating behavior reported in previous studies2,3.
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However, since these measurements were performed at high tem-
peratures on the highly disordered carbonmaterials, charge transport
is expected to occur via temperature-activated electron hopping. So,
the data collected essentially reflects the transport mechanism of
electron hopping. Notably, even for graphene, in-planemeasurements
can display similarly high resistance dominated by electron hopping
when excessive cracks or holes are introduced during the transfer
process. Therefore, more direct and effectivemethods are required to
elucidate the origin of the insulating behavior and its relation to the
amorphous nature. Thus, low-temperature electrical measurements
are required to gain insights into the insulating behavior and other
physical properties of the synthesized 2D a-C film. Previous studies
encountered challenges due to excessive resistance, limiting mea-
surements to near or above room temperature2,3. In this study,
employing an innovative architecture to measure out-of-plane tun-
neling properties allowed for exploring quantum-scale characteristics
at liquid helium temperatures. The device architecture involved a
tunneling field-effect transistor with a-C serving as a thin insulating
barrier. Its detailed vertical structure is shown in Fig. 4a. Multiple
tunneling junctions were fabricated on the same piece of a-C, enabling
the comparison of tunneling behavior across different areas for inho-
mogeneity evaluation. The gold electrodes were employed as the top

electrodes, ensuring stability and a consistent Fermi level. The gra-
phene electrode ensures that the bottom gate can adjust the position
of the electrode Fermi level, thereby enabling the characterization of a
broader range of transport properties. Out-of-plane measurements
were conducted between a top gold electrode and its vertically cor-
responding bottom graphene electrode.

The I–V characteristics curves were measured at 1.6K unless
specified otherwise. The principle of I–V relation is generally described
by

I Vb

� � /
Z

dEFDoSB EF

� �
DoST EF + eVb

� �
T EF

� �½f EF � eVb

� �� f ðEF Þ�

where DoSB(EF ) and DoST (EF + eVb) denote the density of states for
the bottom and top electrodes, respectively. Vb is the tunneling bias
shown in Fig. 4a. T EF

� �
represents the transmission rate through the

tunneling barrier which is influenced by the barrier’s bandgap. f ðEF Þ is
the Fermi- Dirac distribution, with an exponential dependence on the
temperature16.

As shown in Fig. 4c, the I � Vb curves of all our devices are linear
around zero bias and the linear region reveals high resistivity across
three tunneling junctions, confirming the reproducible insulating

Fig. 2 | Controllable synthesis of a-C films. a Optical image of the synthesized
2-inch a-C wafer.b RamanG peak intensitymapping collected atmultiple positions
across a-C wafer, marked by the corresponding colored squares in white rectan-
gular area of (a), demonstrating the uniform quality of the synthesized a-C film.

c–f Optical images (c, e), scanning electron microscopy (SEM) images (d, f) and
corresponding zoomed-in Raman G peak map (inset in e) of the synthesized a-C
patterns. Scale bars: 10 µm in (b, e, f), 50 µm in (c, d).
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behaviorsof our a-Cfilmon aμmscale,whichaddresses the limitations
of STEM characterization, as it is confined to evaluating material
homogeneity and reliability at the local nm scale. Next, we inspect the
entire profile of the I–V curve. Aside from the linear behavior at small
bias, it exhibits an exponential dependence behavior at higher biases
(Fig. 4d). This behavior, transitioning from linear to exponential with
increasing bias, is similar to that observed in crystalline insulators like
hexagonal boron nitride (hBN)16, as shown in Fig. 4d. The presence of
an exponential dependence at high bias, suggests high on-off ratio like
that of hBN tunneling transistors, thus offering potential applications
in certain types of logic circuits. The bottom gate Vg introduces an
additional degree of freedom to adjust the on-off ratio, which can
modulate the extent of the linear region as illustrated in the Vb–Vg

mapping (Fig. 4f). Meanwhile, we can observe some peaks in the
dIb–dVb curve, as indicated by the blue and gray arrows. These peaks
correspond to the X-shaped features marked by the same-colored
arrows/dashed lines in the Vb–Vg mapping of Fig. 4f, which are attrib-
uted to defect states at the SiO2/graphene or graphene/a-C
interface17,18. This observation is a result of the tunability of the bottom
gate. Interestingly, the vertical stripes, observed in ordered crystal
tunneling barriers of hBN and regarded as an indication of phonon-
assisted tunneling17–19 (Fig. 4g),werenotobservable in a-Cdevices. This
might further prove the absence of long-range ordering and thus
support our claim of the amorphous nature of a-C19. These electrical
measurements result at low temperatures where quantum effects
dominate, provide robust evidence and valuable insights into such
amorphous insulating materials.

In addition, we further investigated the temperature-dependent
behavior of the vertical tunneling device. The evolution of Ib–Vb shape
with respect to temperature is predominantly governed by the Fermi-
distribution function f ðEF Þ. As temperature increases, the exponential

region diminishes, progressively giving way to the linear region
(Fig. 4e), a behavior analogous to that observed in hBN. However, in
contrast to insulating crystalline hBN, our theoretical calculations
suggest that a-Cmaynot possess awell-definedband gap as influenced
by the amorphous nature of the atomic arrangement (Supplementary
Figs. 27 and 28). Meanwhile, the average optical bandgap estimated
using the Tauc method is 2.3 eV, which is generally consistent with
previous reports (Supplementary Fig. 29)2.

Discussion
In summary, we have successfully achieved the direct synthesis of
monolayer a-C on wafer-scale substrates, offering precise control over
its size, thickness, and pattern. The experiments and theoretical ana-
lyses reveal a Te-assisted growth mechanism of monolayer 2D a-C
films. Moreover, the quantum tunneling characterization conducted
on a-C films confirmed their homogeneity and intrinsic insulating
behavior. Our results provide a flexible CVD method to directly syn-
thesize wafer-size a-C patterns on diverse substrates. Our quantum
tunneling device for investigating amorphous carbon also provides a
protocol for studying insulating amorphous materials.

Methods
Deposition of precursor C-Mo film
Magnetron sputteringwas used to deposit the precursor C-Mo film. An
initial pre-sputtering step was performed using a carbon target to
ensure the carbon content within the chamber and effectively estab-
lish a consistent carbon background. Then, switched to the Mo target
and proceeded to sputter a 2 nm layer of molybdenum onto the sub-
strate, resulting in a carbon-doped Mo film deposition. It is important
to note that the carbon film was not sputtered directly, as the growth
process necessitates the assistance of Mo to obtain a uniform

Fig. 3 | Theoretical analysis of Te-assisted synthesis of monolayer a-C film.
a Schematic of the a-C morphology and the role of Te. The black rectangle indi-
cates the atomic structure of the contact interface for density function theory
(DFT) calculations, where atoms of C, Si, O, and Te are colored gray, yellow, red,
and pink, respectively. b, c Simulated structures representing two typical growth
modes on amorphous SiO2 substrate surfaces: a-C foam grown at Tg = 650 °C
without Te in (b) and 2D a-C film grown at Tg = 650 °C with Te assisted in (c). The
number of atoms in each red, green, and purple ring is less than, equal to, and

larger than 6, respectively. Gray denotes crystalline hexagonal rings. Red and blue
colors denote tensile and compressive strains in bonds, respectively. d Relative
energies Er vs. distance dr obtained fromDFT calculations. Inset is the STEM image
of sample grown in a Te-absent atmosphere. e The dependence of chemical
potential μ (red) and crystallinity nc (blue) on growth temperature Tg. nc denotes
the number of crystalline hexagonal rings colored gray in Supplementary Fig. 24.
The dashed red and blue curves are guides to the eye. Insets are parts of simulated
a-C films grown at 600 °C and 900 °C, respectively. Scale bars: 1 nm in inset of (d).
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Fig. 4 | Tunneling characteristics for the Au/a-C/graphene transistor.
a Schematic structure of our tunneling device.bOptical image of the experimental
device. The dashed line outlines the boundary of each structure. c The tunneling
resistance close to the zero-bias region across different flake areas indicated by
corresponding-colored arrows in (a). Around the zero-bias, the Ib−Vb relation is
linear. Their similarities attest to the homogeneity across different regions of the
sample.dTunneling current (Ib) and differential conductancedIb/dVb as a function
of source-drain bias atVg = −40V,T = 1.6 K. eThe temperature evolution of Ib−Vb of

the vertical tunnelingmeasurement. fThe dIb/dVbmap as a functionofVb andVg at
1.6 K. The blue arrow and gray dashed lines indicate the defect state, corre-
sponding to the same-colored arrow in (d). g The dIb/dVbmap of comparative hBN
tunneling device at 1.6 K. The gray arrows indicate the vertical feature from
phonon-assisted tunneling, which is unaffected by the gate and thus appears ver-
tical. The tunneling current, bias voltage, and bottom gate voltage are denoted as
Ib, Vb, and Vg, respectively. Scale bar: 5 µm in (b).
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monolayer amorphous carbon structure. Other evaporation methods,
such as electron beamevaporation, are also possible, and the core is to
perform coating in a carbon-containing chamber.

Synthesis of a-C film
First, the precursor C-Mo film covered sample was placed in a one-
side closed quartz boat at the central heating zone of the CVD fur-
nace (Supplementary Fig. 4). Meanwhile, the tellurium (Te) particle
(50mg) andmolecular sieves (4 Å, 350mg)were located at the closed
side of the quartz boat (about 5 cm away from the sample) to serve as
the precursor for the subsequent reaction. Themolecular sieveswere
used to absorb and trap the Te atoms, ensuring that only trace
amounts of the Te atoms were involved in the reaction. The
concentration-controlled Te source played a pivotal role in removing
molybdenum and forming the a-C film while avoiding direct reaction
with the Mo film and the formation of molybdenum telluride. (Sup-
plementary Figs. 5–7). Note that the CVD tube environment needed
to be thoroughly evacuated to ensure the absence of excess oxygen
residue, as the carbon is sensitive to oxygen and easy to oxidize
during the heating process. Therefore, the reaction chamber was
evacuated to a base pressure of 1 Torr and held for 30min, followed
by introducing argon gas to the reaction chamber until reaching
atmospheric pressure. Repeat this evacuate/purge cycle three times
before growth to minimize the presence of oxygen within the
chamber (below 1000 ppm) and ensure a more controlled growth
environment. For growth, the reaction is carried out at atmospheric
pressure. The synthesis of a-C is also sensitive to the growth tem-
perature (Supplementary Fig. 8). The furnace was heated to an
optimized growth temperature (Tg) of 650 °C in 30min and kept at
this temperature for 1 h with the mixed gas of H2/Ar with 10 and 70
sccm as the carrier gas. After growth, the furnace was naturally
cooled down to room temperature.

AFM, XPS, SEM, and Raman characterization
AFM analysis was performed using the Asylum Research Cypher AFM
in tapping mode. The XPS spectra were measured by the Kratos AXIS
Supra spectrometer with a dual anode Al-Kα (1486.6 eV) X-ray mono-
chromatic source. SEM analysis was performed using the FESEM JEOL
JSM-7600F field emission scanning electron microscope. Raman
measurementswere performedbyWITECalpha 200RConfocalRaman
system with a 532 nm excitation laser. To avoid samples overheating,
the adopted laser powers were kept below 1mW. The time-dependent
Raman study of a-Cwas shown in Supplementary Fig. 9, to evaluate the
material stability under 1mW laser irradiation.

STEM and SAED characterization
The STEM samples were prepared by wet-etching method. The poly
methyl methacrylate (PMMA) was spin-coated on the a-C film covered
SiO2/Si substrate. Then, the samples were immersed in the NaOH
solution (1M) to etch the SiO2 layers and rinsed with DI water
sequentially to remove any NaOH residue. Afterward, the PMMA-
coated a-C filmwas carefully transferred to a Protochips heating E-chip
or Quantifoil Au grid and baked at 80 °C to ensure better contact.
Finally, to remove the PMMA, the sample was submerged in acetone
and subsequently baked under vacuum at 250 °C for 60min. Note that
this process may lead to film rupture and should be performed with
caution. The STEM characterization was conducted using JEOL
ARM200F equipped with the CEOS aberration corrector, operating at
80 kV. Experiments were carried out with the Protochips Aduro heat-
ing holder at 300 °C. TEM and SAED analysis were performed using
JEOL 2200FS. In an alternative heating process, a-C samples were
annealed in a quartz tube under vacuum of about 10−5 mbar at 650 °C
for 2 h and then cooled to room temperature. Further STEM char-
acterization was conducted using a Nion U-HERMES100 microscope
under an acceleration voltage of 60 kV (Supplementary Fig. 25), and

further EDS characterization was conducted using a JEOL GRAND-
ARM2 microscope under an acceleration voltage of 80 kV (Supple-
mentary Fig. 11). RawADF-STEM imageswere denoised using a double-
Gaussian filter.

Device fabrication and electrical measurement
First, a graphene (Gr) flake was exfoliated onto a Si/SiO2 (285 nm)
substrate. Subsequently, the exfoliated Gr was selectively etched into
separated ribbons to serve as the bottom electrode, employing a
standard EBL-RIE method with a PMMA layer as etch resistant mask.
Then themore robust trilayer a-C ribbon grown at 650 °Cwas selected
to be transferred onto the Gr using a PPC-assisted method. Following
each transfer process, the structure underwent annealing at ~400 °C in
an Ar/H2 atmosphere to eliminate any residual contaminants and
ensure a clean surface. Finally, the Ti/Au (5/70 nm) electrodes were
fabricated to independently contact with graphene and a-C using a
standard e-beam lithography (EBL) process followed by electron-beam
evaporation and lift-off process. Low-temperature transport experi-
ments were carried out in a top-loading Helium-4 refrigerator. Triax
cables, the triax connector and Second Order Low Pass Filter were
used to conduct signals with the highest sensitivity. The Sourcemeter
2636B was utilized to test the DC current, while the lock-in SR830 was
applied for the AC measurement.

Kinetic Monte Carlo (kMC) algorithm
All simulations were carried out with a periodic boundary condition
along the xy-direction, with neighboring periodic images separated by
a vacuum space along the z-direction. In each simulation, the growth
starts from a 12-atom nucleus, as colored gray in Fig. 3b, c. For sim-
plicity, the unit cell is always 30Å× 30Å along the xy-directions, which
corresponds to a uniform nuclei density. Equation (1) in Supplemen-
tary Note 1 is used to describe the interaction between carbon atoms
and the substrate. To interpret the DFT results into parameters that
can be used in kMC simulations, we fit Supplementary Equation (1)
with the results presented in Fig. 3b. Then, parameters are obtained as
eσ =3:4 Å, eε=0:08eV for carbon radicals (i.e., carbon atoms with less
than 3 C-C bonds/atom) under the Te atmosphere, and amuchweaker
interaction of eσ =3:4 Å, eε=0:0045 eV for any other carbon atoms,
presuming that ρ = 1.9 × 1019m−2. A series of growth temperatures of
Tg∈[600, 1000] °Cwere tested.Wehave also considered the changeof
chemical potentials of carbon feedstock associatedwith Tg (Fig. 3c and
Supplementary Fig. 24). More calculation details are shown in Sup-
plementary Note 1.

DFT calculations
The DFT calculations were implemented by using Vienna ab-initio
simulation package (VASP)20–22. The Perdew-Burke-Ernzerhof (PBE)
with generalized gradient approximation (GGA) was employed for the
exchange-correlation function23. A plane wave basis with a cutoff
energy of 400 eV was chosen in this work. A 3 × 3 × 1 k-point meshwas
used in these calculations. We considered the vdW interaction using
the DFT-D3 method24. Meanwhile, the dipole correction to the total
energy was adopted. A vacuum layer along the out-plane direction of
15 Å was constructed to restrain the interactions between adjacent
slabs. The residual force and energy convergence thresholds were set
to 0.05 eVÅ−1 and 10−4 eV Å−1, respectively. The structure of amorphous
SiO2 (Supplementary Fig. 23) is obtained by REAXFF molecular
dynamics at 2500K and then optimized. The total energy Et was
recorded as a functionof the relative distancedr = d − d0, whered is the
distance between the carbon film and the substrate, while d0 is the d at
which Et isminimal. The relative energy Er = Et − Et0 is plotted in Fig. 3d,
whereEt0 is theminimal Et. Noticeably, theTe–Obondenergy fromour
calculation is 0.99 eV, and the Te–C bond energy is known as 1.12 eV25.
These low bond energies indicate Te- bonds are unstable under the
growth temperature and can break from time to time.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The Source data underlying the figures of this study are available with
thepaper. All rawdata generatedduring the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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