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Kinetic modulation of graphene growth by fluorine
through spatially confined decomposition of
metal fluorides
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Two-dimensional materials show a variety of promising properties, and controlling their growth is an important aspect for
practical applications. To this end, active species such as hydrogen and oxygen are commonly introduced into reactors to pro-
mote the synthesis of two-dimensional materials with specific characteristics. Here, we demonstrate that fluorine can play a
crucial role in tuning the growth kinetics of three representative two-dimensional materials (graphene, hexagonal boron nitride
and WS,). When growing graphene by chemical vapour deposition on a copper foil, fluorine released from the decomposition
of a metal fluoride placed near the copper foil greatly accelerates the growth of the graphene (up to a rate of ~200 ums~").
Theoretical calculations show that it does so by promoting decomposition of the methane feedstock, which converts the endo-
thermic growth process to an exothermic one. We further show that the presence of fluorine also accelerates the growth of

two-dimensional hexagonal boron nitride and WS,.

(2D) materials, the presence of hydrogen and oxygen is

known to be critical for processes such as ultrafast growth’,
nucleation suppression® and layer number control’. Owing to its
high electronegativity, fluorine—known to greatly affect a variety
of reactions*”, especially in organic chemistry—is also expected to
enable tuning of the growth of 2D materials. Although it has previ-
ously been involved in post-growth treatments'*-"?, fluorine has not
yet been directly involved in growth processes due to the following
difficulties: (1) its high reactivity with reactors, which are typically
composed of glass and rubber (even a small amount of fluorine can
cause damage) and (2) the high toxicity of the by-products poten-
tially generated, such as hydrogen fluoride.

In contrast to traditional bulk material growth, most key reac-
tions in the bottom-up synthesis of 2D materials, such as in chemical
vapour deposition (CVD), occur near the surface of the substrate.
Only a limited amount of reactants are therefore required to feed
the growth of a 2D material, which is normally one atom or a few
atoms thick. Based on this unique aspect, we propose to use spa-
tially confined decomposition of metal fluoride as the local fluorine
source to modulate the reaction of 2D material growth. As 2D mate-
rial growth is essentially a surface-reaction process, the amount of
fluorine released from the metal fluoride in the confined space is

D uring the growth of graphene and other two-dimensional

sufficient to modulate the reactions without any observable damage
to the reactor.

In this article, we investigate fluorine-modulated 2D material
growth using graphene, hexagonal boron nitride (h-BN) and WS,
(a conductor, an insulator and a semiconductor, respectively) as three
representative examples. All three materials have attractive proper-
ties"”'* and broad applications'®*, and their syntheses have been
extensively investigated**~**. With a carefully designed local fluo-
rine feeding system based on the spatially confined decomposition
of metal fluoride, the growth kinetics of graphene were observed to
change dramatically: the barrier of methane (CH,) decomposition
was greatly reduced through fluorine substitution, and the reaction
was switched from endothermic to exothermic. As a consequence,
sufficient carbon precursor feeding led to a high growth rate of
~200pms". During the synthesis of h-BN and WS, through CVD
processes, the presence of local fluorine was also found to signifi-
cantly increase the growth rate. Our work therefore demonstrates that
fluorine can serve to modulate the growth kinetics, and accelerates
the growth of graphene and other 2D materials.

Results
Local fluorine-modulated graphene growth. Oxygen can be
released from the oxide surface at high temperature becuase of the
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Fig. 1| Graphene growth modulated by local fluorine. a, Schematics of the experimental design. The copper foil is placed directly above a metal fluoride
substrate (MF,; M =Ba, Ca or Mg) with a small gap of 10-20 pm. At high temperatures, some fluorine radicals are released from the metal fluoride surface
to the gap between the copper foil and metal fluoride. b,c, SEM images of graphene domains growing at At=2s (b) and At=5s (c). d, Time evolution of
the graphene domain diameter. The slope shows a very fast growth rate of ~200 pm s~ with fluorine supply. Error bars represent standard deviations from
measurements of 20 samples. e, Illustration of our experimental design for programmable transient *CH, feeding. The Cu foil is exposed to a continuous
2CH, atmosphere, while ®CH, is pulsed (10 ms pulse width) onto the Cu foil through a small nozzle. Ar serves as the carrier gas to better separate the
BCH, sequences. f,g, Isotope-labelled Raman mappings of the 2D band for graphene domains transferred onto SiO,/Si substrates growing at different
CH, fluxes of 2s.c.c.m. (f) and 15s.c.c.m. (g). Dark rings correspond to regions of graphene formed by *C.

ubiquitous unstable dangling bonds on the material surface. To
show that fluorine can also be released at fluoride surfaces under
temperatures at which 2D materials are typically grown, the element
composition of a thin BaF, film (10 nm thick) on a Si substrate was
determined before and after annealing at ~1,000°C, using X-ray
photoelectron spectroscopy (XPS). The absence of a fluorine peak
after annealing unambiguously demonstrated the release of fluorine
from the BaF, film (Supplementary Fig. 1).

In our experiment for graphene growth, a copper foil to be used
as a substrate for the growth of graphene was directly placed above
a BaF, substrate, which itself served as a source of fluorine (Fig. 1a).
The fluorine released by the BaF, substrate was spatially confined to
the narrow gap (typically 10-20 pm) between the Cu foil and the BaF,
substrate (Supplementary Fig. 2). Fluorine was released in a very
small, but sufficient, amount: in less than 1 min, the CVD growth of
graphene on the front surface of the copper foil and that on the back
surface—which is exposed to fluorine—were noticeably different.
The graphene samples were grown in an atmospheric-pressure CVD
system using CH, as the carbon source. On the back surface, circu-
lar graphene domains with lateral sizes of ~1 mm were observed.
In contrast, on the front surface, star-like graphene domains
formed that were only ~20pm in size (Supplementary Fig. 3).
Other metalfluoride substrates (CaF,and MgF,) alsoled to the growth
of circular graphene domains with a size of ~1 mm in a short time,
verifying the sufficient supply of fluorine (Supplementary Fig. 4).
As discussed in previous studies, the circular graphene domains
are a result of the very high carbon flux and the attachment-lim-
ited growth behaviour®. To quantitatively analyse the growth
rates on both surfaces, we first followed the established method
to take images of graphene domains at different growth times At
(Supplementary Note)"*. At=0 is defined as the moment when
the graphene domains are clearly visualized by scanning electron

microscopy (SEM) (~500nm, shown in Supplementary Fig. 5).
After an additional time Af, we immediately stopped the furnace
heating and CH, feeding, and flushed the samples with a large flux
of Ar. The evolution of the graphene domains showed that 2s was
enough for a domain to grow to ~400 um (Fig. 1b) and that ~1 mm
domains were formed after 5s (Fig. 1c). The statistical growth rate
reached ~200pms™" (Fig. 1d), which is more than three orders
of magnitude faster than typical graphene growth®* and three
times faster than the previous record realized with a continuous
oxygen supply’.

To measure the growth rate of individual graphene domains, a
carbon isotope labelling method can be used. A method widely used
for this type of investigation comprises switching *CH, and “CH,
with mass flow controllers during graphene growth*’; the time-evo-
lution of domain growth can then be visualized by Raman mapping
due to the different peak positions of 2C and **C. Because the growth
rate is so high, isotope labelling must be performed in a few seconds,
rendering this method impractical here (*CH, and *CH, would
mix homogeneously before reaching the reaction site). Therefore,
to separate the ?CH, and ?CH,, a customized programmable tran-
sient pulse instrument was developed to inject sharp *CH, pulses
(10 ms) through a small pipe at a short time interval of 1-2's (Fig. le;
see Methods for details). After graphene growth, the transferred
graphene samples on SiO,/Si substrates are then characterized by
Raman mapping® (Supplementary Fig. 6). With this improved iso-
tope labelling method, the growth rate of graphene as a function
of CH, flux could be measured (Supplementary Fig. 7). When the
CH, flux was 2 s.c.c.m. (standard cubic centimetres per minute) and
the pulse interval time was 2s, the distance between adjacent *C
rings in the Raman map was ~30 pum, revealing a lateral growth rate
of ~30ums™" (Fig. 1f). Under the optimum condition of graphene
growth, by shortening the pulse interval time to 1s, we measured
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Fig. 2 | Crystallinity and quality characterizations of graphene domains. a,b, Representative LEED pattern (a) and STM image (b) of individual graphene
domains, revealing the single-crystal characteristics of as-grown graphene domains. ¢,d, SAED pattern (¢) and AC-STEM (d) image of a graphene domain,
confirming the lattice structure of graphene. e, Resistance of graphene versus the back-gate voltage at 4 K, corresponding to an electron mobility of
~10,000 cm?V-'s. f, Representative Raman spectra of graphene without the D band, indicating the high quality of the material. Curves of different colours

correspond to Raman spectra obtained at different positions of the sample.

a growth rate of ~190ums™ with a large CH, flux of 15s.c.c.m.
(Fig. 1g). It is important to note that further increasing the CH, flux
led to contamination of the CVD system with amorphous carbon.

Crystallinity and quality characterizations of graphene domains.
The graphene domains produced in the presence of fluorine
released by the nearby BaF, substrate showed high crystallinity
and quality, despite the significantly improved growth rate. We first
characterized the lattice structure of graphene in reciprocal space
by low-energy electron diffraction (LEED). The diffraction patterns
in different areas of an individual graphene domain showed nearly
identical crystallographic orientations (Fig. 2a and Supplementary
Fig. 8), revealing the single-crystal nature of the circular domains.
Scanning tunnelling microscopy (STM) characterization showed
a honeycomb lattice without any detectable defects (Fig. 2b and
Supplementary Fig. 9), indicating no contamination in the graphene
lattice. Selected-area electron diffraction (SAED) and spherical
aberration-corrected scanning transmission electron microscopy
(AC-STEM) were also performed to confirm the good crystallinity
of the graphene with diffraction patterns and the atomic-resolved
lattice structure (Fig. 2c,d). The measured Hall mobility of the gra-
phene transferred onto h-BN is ~10,000cm*V~'s™! at 4K, which
is comparable to that of exfoliated graphene subjected to the same
transfer process' (Fig. 2¢). In addition, the fact that the Raman spec-
tra do not show a D band—which would correspond to the disor-
dered structure in a graphene lattice—further confirms the high
quality of the material (Fig. 2f). The 2D/G intensity, which is very
sensitive to the thickness of graphene, shows a ratio of ~2 in the
Raman spectra, and the uniform brightness and contrast in the SEM
images demonstrate the monolayer nature of the graphene domains
and films (Supplementary Fig. 10). The XPS measurement shows no
detectable fluorine signal (Supplementary Fig. 11), indicating that
the as-grown graphene samples are not F-doped.
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Mechanism for the local fluorine-modulated superfast graphene
growth. To understand the role of spatially confined fluorine in the
modulation of graphene growth, we first considered two possible
mechanisms: (1) fluorine can promote CH, decomposition on the
Cu surface (in a similar manner to the role of oxygen in graphene
growth, as reported previously’?) or (2) CH, decomposition can
occur directly on the metal fluoride surface. We carried out exten-
sive density functional theory (DFT) calculations, which showed
that fluorine on the Cu surface does not significantly accelerate the
decomposition of CH, (Supplementary Fig. 12) and that the decom-
position of CH, on the BaF, surface is even more difficult than that
on the Cu surface (Supplementary Fig. 13).

We next considered the gas-phase reactions, and noticed that the
fluorine released from the metal fluoride surface can substitute the
hydrogen in CH, to form CH,F easily"”" (route I, Fig. 3a), poten-
tially leading to a high concentration of CH,F in the narrow gap
between the Cu and the metal fluoride surface (Fig. 3a,b). Further
calculations showed that the decomposition of CH,F on the Cu
surface (route II, Fig. 3a) is much easier than that of CH, on Cu
(Fig. 3c). In addition to its role in decreasing the energy barrier
of CH, decomposition on the Cu surface, in a manner similar to
that for oxygen, the formation of CH,F was also found to switch
the originally endothermic reaction to an exothermic one. We note
that reaction II with a barrier of 1.24eV can occur very frequently
at ~1,000 °C. Therefore, with such a low reaction energy (—0.62eV),
we conclude that the concentration of CH, radicals can be greatly
promoted by the direct decomposition of CH,F on the Cu surface.

It is also worth noting that, at ~1,000 °C, entropy must contribute
a significant part to the initial configuration, final product or transi-
tion state of a reaction. Careful calculations considering the vibra-
tional entropy (Supplementary Figs. 14 and 15 and Supplementary
Tables 1 and 2) confirmed that the entropy indeed largely contrib-
uted to the free energy of each state of the reaction at ~1,000°C.
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Fig. 3 | Proposed mechanism for local fluorine-modulated graphene growth. a, Schematics of the two possible decomposition routes of carbon species
in the gas phase (I and 1) and on the Cu surface (Il and IV). b, Energy profile for route I: CH, + F, - CH5F + HF. ¢, Energy profile for two reactions on the
Cu surface: decomposition of CH,F to CH; (orange) and CH, to CH, (violet). d, Energy profile for route Ill: CH,F + F, — CH,F, + HF. e, Energy profile for
two reactions on the Cu surface: decomposition of CH,F, to CH, (orange) and CH, to CH, (violet). Compared to the CH, decomposition, the fluorine-
modulated reactions have lower barriers and reaction kinetics that switch from endothermic to highly exothermic; both factors lead to a greatly elevated
concentration of reactive carbon species and, consequently, superfast graphene growth.

Nevertheless, the entropy contributions to all three states of the
reaction are of very similar magnitude to each other and thus do
not dramatically affect the reaction barrier and the reaction energy,
so they do not affect the main conclusion that a high concentration
of CH, radicals can be obtained with released fluorine.

Similarly, DFT calculations showed that the formation of
CH,F, (route III, Fig. 3a) is also highly favourable (Fig. 3d). The
further decomposition of CH,F, (route IV, Fig. 3a) is also an exo-
thermic reaction for the decomposition of CH,F, to CH, on the
Cu surface (Fig. 3e). Therefore, as fluorine substitution in the gas
phase and further decomposition reactions on the Cu surface can
both occur easily, a high concentration of CH, (x=1, 2, 3) radicals
on the Cu surface or in the gas phase is expected. The graphene
growth would then be significantly promoted by a sufficient
supply of CH, radicals.

Modulated growth of 2D h-BN and WS, by a local fluorine sup-
ply. We next investigated whether local fluorine could also serve to
modulate the growth of 2D materials other than graphene—here,
h-BN and WS,. In a CVD set-up similar to that used for graphene
growth, for h-BN growth a Cu foil was placed above a BaF, substrate
(Fig. 4a). At high temperatures, the released fluorine can directly
participate in the decomposition of ammonia borane (H,BNH;)
and the growth process of h-BN on the Cu surface facing the
metal fluoride.

In this case too, the growth kinetics of h-BN were significantly
altered in proximity to the BaF, substrate, and the domain size is
approximately ten times larger than that grown without a fluorine
supply (Fig. 4b,c and Supplementary Fig. 16), indicating a faster
growth rate (3.3 pmmin™ compared with 0.3 pmmin™ for growth
without a fluorine supply).
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The growth conditions for WS, are different from those of
graphene or h-BN. WO, and S powder (as precursors) and WS,
were deposited on the SiO,/Si substrate downstream. Among the
growth steps for WS,, evaporation of WO; is key in determin-
ing intermediate formation and the growth rate, so fluorine was
introduced by placing the WO, powder on the BaF, substrate
(Fig. 4d). Surprisingly, with such a small modification the domain
size of the WS, increased from ~1pm to ~100 pm, and the growth
rate increased from 0.2pmmin~' to 20pmmin~' (Fig. 4e,f and
Supplementary Fig. 17). We also observed an enhanced growth rate
for MoSe, with fluorine (Supplementary Fig. 18). This phenom-
enon is similar to the NaCl-assisted growth of 2D metal chalco-
genides, where NaCl decreases the melting point of the reactants
and facilitates the formation of intermediate products, increasing
the overall reaction rate™. Although the detailed mechanism of the
enhanced growth of h-BN and WS, needs further study;, it is clear
that the introduction of fluorine significantly modifies key reactions
involved in their growth. We speculate that fluorine can facilitate
H,BNH, decomposition in h-BN growth and lead to the fast release
of W in WS, growth.

Discussion

We have described kinetic modulation of the CVD growth of three
representative 2D materials—conductive graphene, insulating
h-BN and semiconducting WS,—by spatially confined fluorine. We
found that local fluorine effectively switches the kinetic reaction of
methane decomposition in graphene CVD growth from endother-
mic to exothermic, leading to a high growth rate of ~200pms™".
Similarly, in the presence of fluorine, 2D h-BN and WS, were found
to grow more quickly. Although further investigations into the
mechanisms of h-BN and WS, growth are required, it is clear that
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Fig. 4 | Modulated growth of 2D h-BN and WS, by a local fluorine supply. a, Schematics of the experimental design for h-BN growth. Different feeding
gases are used, but the growth process for this material is similar to that observed for graphene. b,c, Optical images of the h-BN domains on Cu surfaces
(after heating in air at 150 °C for 2 min) with (b) and without (¢) a local fluorine supply for the same growth time. The domain size of the resulting h-BN
domain increased from ~5pm to ~50 pm with the fluorine supply. d, Schematics of the experimental design for WS, growth; the WO, precursor powder is
directly placed on a BaF, substrate. e f, Optical images of the WS, domains on SiO,/Si substrates with (e) and without (f) a fluorine supply for the same
growth time. The size of the WS, domain increased from ~Tpm to ~100 pm in the presence of fluorine during the reaction.

the small amount of local fluorine generated from a metal fluoride is
sufficient to modulate the growth in two dimensions while being
low enough not to damage the reactors.

We also hope that the idea of introducing local active species into
certain reaction processes can be used to further tune 2D material
synthesis and enable fast growth, low-temperature growth, in situ
element doping and perhaps also the growth of super-large single
crystals if one can control the growth from only one nucleus or
grow them epitaxially on certain substrates. In addition to metal
fluorides, materials such as metal sulfides, selenides, chlorides
and bromides may similarly be used as sources of active species.
These substrates have different abilities to capture electrons and
variable reactivity, and they release elements over a broad range of
temperatures (~50-1,400°C). Therefore, this local active element
supply technique may provide a versatile platform to modulate the
growth of 2D materials and engineer their properties (for example,
electronic, optical, thermal, magnetic and catalytic).

Methods

Growth of graphene by a local fluorine supply. Graphene samples were grown
by the CVD method. A commercially available Cu foil (25 or 127 pm thick, 99.8%,
Alfa Aesar) was placed on a metal fluoride substrate and then loaded into a CVD
furnace (Hefei Kejing Company OTF1250). The system was heated to 1,000°C

in 1h with Ar (500s.c.c.m.). H, (10s.c.c.m.) and CH, (2-15s.c.c.m.) were then
introduced to achieve graphene growth of different durations. Finally, the system
was cooled rapidly with a large flux of Ar (1,000s.c.c.m.).

Growth of h-BN by a local fluorine supply. h-BN samples were grown by the
CVD method. The system was heated to 1,000°C in 1 h with Ar (500s.c.c.m.).
Afterwards, the system was switched to a low pressure of 180 Pa with Ar
(20s.c.c.m.) and H, (3s.c.c.m.), while the vapourized H,BNH;, nested in an ALO,
crucible and heated to 120 °C by heating belts, was introduced as a precursor for
h-BN growth. After 15 min of growth, both the furnace and the heating belts were
rapidly cooled to room temperature.

Growth of WS, by a local fluorine supply. WS, on the SiO,/Si substrate was grown
by the CVD method using WO, and S powder as precursors. 10 mg of WO, powder
was placed on the BaF, substrate in the centre of a tube furnace, and 20mg of S
powder was placed on the upstream side 15 cm away from the WO, powder.

The growth was performed under ambient pressure in Ar gas. The procedure was
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as follows: maintain at 105 °C with 500s.c.c.m. Ar flow for 30 min, ramp to 850°C
with 15s.c.c.m. Ar flow for 45 min, maintain at 850 °C with 250s.c.c.m. Ar flow for
5min, and then naturally cool to room temperature with 500s.c.c.m. Ar flow.

Programmable local transient pulse set-up. The Cu foil was exposed to *CH,
at constant flux, and a small flux of *CH, was introduced by a small nozzle
(diameter of 1 mm) focused on the gap between the Cu foil and the fluoride
substrate. The *CH, supply was controlled by a programmable transient pulse
instrument, which can control the pulse width to be as sharp as 10ms and the
pulse interval to be as low as 1. This sensitive control separated the *CH, flux
into sequences. These sequences of *CH, flux were further separated in space

by a large Ar flow in the pipe. We used the shortest pipelines and nozzle available
for the *CH, flow to minimize the gas diffusion time.

Graphene characterization. Optical measurements. Raman mappings of graphene
on SiO,/Si substrates were as carried out in an Alpha300R system (WITec,
Germany) with a laser excitation wavelength of 532nm and a power of 1 mW.

The integral time of every point was 0.05s during mapping. Optical images were
taken with an Olympus microscope (Olympus BX51). UV-vis spectra were
obtained with a Varian Cary 5000 UV-vis-NIR spectrophotometer.

XPS, LEED, STM and TEM measurements. XPS measurements were performed
using an ESCALAB 250 X system (Thermo Fisher Scientific) and excited

by monochromatic Al Ko radiation (1,486.6eV). LEED measurements were
performed using an Omicron LEED system under ultrahigh vacuum (UHV)

with a base pressure below 3 X 1077 Pa and an electron energy of 62eV. STM
experiments were performed with a combined nc-AFM/STM system (Createc)

at 77 K with a base pressure of 6 X 10~ Pa. AC-STEM experiments were performed
in a JEOL JEM ARM 300F under 80 kV with a low electron dose to minimize beam
damage. Diffraction patterns were obtained with an FEI TECNAI F20 system
operated at 200kV.

DFT calculations. Calculation models. Metal surfaces were simulated by a four-
atom-layer slab of the Cu(100) surface with 4 X 4 Cu atoms on the x-y plane using
the periodic boundary condition. The supercell was 10.2x 10.2 A2 in size. The metal
fluoride surface was modelled by a three-atom-layer slab model of the BaF,(111)
surface with 3 x 3 Ba atoms (13.1 X 13.1 A? size) on the x-y plane. To avoid
interaction between neighbouring slabs, a vacuum layer greater than 10 A was
inserted to ensure periodicity along the z direction. During structure optimization,
all the atoms of the bottom layer were fixed while the others were fully relaxed.

Calculation details. All calculations were performed using the Vienna ab initio
Simulation Package (VASP)*-** with the project augmented wave (PAW) method™.
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
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exchange-correlation functional was adopted”. A plane-wave energy cutoff of

400 eV was used and all the structures were fully relaxed with energy and force
convergence criteria of 10~eV and 10-2eV A~ respectively. The transition barriers
and minimum energy paths were calculated with the climbing image nudged
elastic band method*****,

Data availability
The data supporting the findings of this study are available within the paper and
its Supplementary Information, and also from the authors upon request.
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