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substrate to a short time of just 5 min without involving any metal
catalyst. The highly enhanced domain growth rate (~37 nm min™")
and the quick nucleation rate (~1200 nuclei min~' cm™2) both account for this high productivity of graphene film.
Further first-principles calculation demonstrates that the released fluorine from the fluoride substrate at high temperature
can rapidly react with CH, to form a more active carbon feedstock, CH;F, and the presence of CH;F molecules in the gas
phase much lowers the barrier of carbon attachment, providing sufficient carbon feedstock for graphene CVD growth.
Our approach presents a potential route to accomplish exceptionally large-scale and high-quality graphene films on
insulating substrates, i.e., SiO,, SiO,/Si, fiber, etc., at low cost for industry-level applications.
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defects, and contaminants involved in this treatment, which in
17-19

he excellent physical properties of graphene' ™ have

I made it an attractive candidate for wide applications in
electronic,™” optoelectronic,s_8 and photovoltaic

°~1> But to fully realize and maximize the potential
of graphene on integrated circuits, it should be compatible with
the semiconducting or insulating wafer. Among various
graphene synthesis strategies,'”” "> the chemical vapor
deposition (CVD) method has notable advantages for the
synthesis of high-quality and industrial-scale graphene products
with flexible controllability.'® However, for the conventional
CVD-grown graphene on metal, a complex and cumbersome
transfer process is inevitable for device fabrication on the target
substrates (usually semiconductor or insulator). Meanwhile,
the quality of graphene largely degrades due to the wrinkles,

devices.
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turn limits the performance in electronic devices.
Therefore, the way toward the direct growth of graphene on
insulating substrates without involving any chemical catalyst is
in great demand to make it be satisfactory for various device
applications.

In previous studies, graphene has been successfully grown on
different substrates, such as 8102,20’21 A1203,,22 SisN4,23 and
BN,**?® yig a direct CVD method. Herein, the combination of
graphene endows traditional glass with excellent hydro-
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phobicity, as well as high thermal and electrical conductivity,
without sacrificing its original optical transparency.26 However,
due to the weak pyrolysis capability of carbon precursors and
the lack of catalytic activity, a long growth time (typically hours
to days) is required for graphene synthesis on dielectric
substrates, limiting the mass production and industrial
applications of graphene glass.27_29 In principle, the
production efficiency of graphene film largely relies on two
important factors, i.e., the nucleation rate and the growth rate
of an individual domain. Recently, great efforts have been
undertaken toward a higher growth rate of graphene on
dielectric substrates by predeposition or evaporation of
catalytic metals, such as copper or nickel, to enhance the
thermal decomposition efficiency of hydrocarbon.’*~** How-
ever, it is usually a time-consuming and high-cost process with
metal residues decreasing the quality of graphene film. Other
attempts, such as using special precursors (cyclohexane,
acetylene, ethanol, efc.) with low pyrolysis energy barriers,
have been employed to improve the growth rate of graphene
on insulating substrates as well, but quality and layer numbers
cannot be controlled well.”*~** Finding a low-cost catalyst-free
graphene growth method without sacrificing the material’s
quality becomes extremely essential to overcome the bottle-
neck in graphene-based electronics.

In this article, we design a local-fluorine-supply method to
realize the ultrafast growth of graphene on a quartz glass wafer
with well-controlled uniformity. Fluorine is introduced by the
decomposition of metal fluoride at high temperature and
confined in the narrow gap between the quartz glass and
fluoride surfaces. During the growth process, the localized high
concentration of fluorine will substitute hydrogen in methane
and form a more active carbon feedstock, i.e, CH;F. The
presence of CH;F molecules in the gas phase greatly lowers the
barrier of carbon addition, providing sufficient carbon
feedstock for graphene CVD growth. Meanwhile, intermolec-
ular collisions between active carbon species are significantly
enhanced in the confined space between quartz glass and
fluoride. All these changes caused by the local-fluorine-supply
design benefit the massive production of graphene film on a
quartz wafer: the graphene growth rate is enhanced to ~37 nm
min~!, while the nucleation rate increases to ~1200 nuclei
min~' cm™2. We finally push the massive production of
graphene film on a wafer-scale insulating substrate to a short
time of just 5 min without involving any metal catalyst, which
promotes the low-cost, high-productivity graphene film
compatible with a semiconductor circuit.

RESULTS AND DISCUSSION

In our experiment on graphene growth, quartz glass was
directly placed above a metal fluoride substrate with a naturally
formed ~30 ym gap between them (Figure la and Figure S1).
To prove that the fluorine can emit from the fluoride substrate
to the confined space of the gap, we annealed a 10 nm BaF,/Si
substrate (BaF, film was deposited by electron beam
evaporation) with a quartz placed above it under graphene
growth conditions. Then, X-ray photoelectron spectroscopy
(XPS) was employed to measure the signal of fluorine. The
result showed that the peak of fluorine disappeared after
annealing at high temperature and proved that the fluorine can
emit from the surface of the metal fluoride (Figure 1b). To
study the role of the local fluorine in graphene growth, we
designed a comparison experiment to show the differences in
growth behavior between the fluorine-supply growth and
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Figure 1. Catalyst-free growth of graphene on glass assisted by
local fluorine supply. (a) Diagram of the experimental design and
the lateral view of the gap between metal fluoride AF, and quartz
surface. (b) XPS of the BaF,/Si substrate (BaF, thickness ~10 nm)
annealing at ~1000 °C in a CVD system. The absence of the
fluorine peak is indicative of the evaporation of fluorine from the
BaF, at high temperatures. (c, d) Comparison of the SEM images
of graphene on the surfaces of the ST-cut quartz after S min
growth supported by BaF, (c) and quartz glass (d). (e) SEM
images of graphene on the surface of the ST-cut quartz at 60 min
using quartz glass as the supporting substrate.

common non-fluorine-involved growth. Scanning electron
microscopy (SEM) was conducted to analyze the growth
results of as-synthesized graphene on quartz glass substrates.
Graphene film with full coverage was grown on the surface of
ST-cut quartz glass that faces the BaF, substrate within 5 min
(Figure 1c). In contrast, graphene domains did not appear on
the surface of ST-cut quartz glass that was laid on the
commonly used quartz substrate within 5 min (Figure 1d), and
it reached nearly full coverage at around 60 min (Figure le),
which showed a typical growth behavior like that in sapphire or
Si0,/Si (Figure S2a,b). Other different fluoride substrates,
CaF, and MgF, (Figure S2c,d), were also examined, and both
of them had comparable effects on the graphene growth to that
of BaF,. In addition, the introduction of fluorine showed the
same effect on the growth of graphene on SiO,/Si as well
(Figure S3a,b). Based on the above phenomena, a significant
signature is found: fluorine can emit from the fluoride substrate
and is confined in the narrow space, which exerted a critical
effect in facilitating the ultrafast graphene growth on various
substrates.

The quality of graphene films on a quartz glass substrate by
the local-fluorine-supply method was confirmed by high-
resolution transmission electron microscopy (HRTEM), which
demonstrated that most of the samples are primarily
monolayers with limited few-layer regions (Figure 2a,b, Figure
S4, and Figure SS). Moreover, an abberation-corrected TEM
image (Figure 2c) indicated the high crystallinity of the as-
grown graphene. The fast Fourier transform (FFT) pattern
further confirmed the perfect single-layer characteristics. The
diminished 2D/G peak intensity in the Raman spectrum
illustrated that the thickness of the graphene film increased
with the growth time (Figure 2d), and the Raman mapping of
transferred graphene demonstrated the high uniformity of the
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Figure 2. Quality characterization of the graphene film by the local-fluorine-supply method. (a, b) HRTEM images of monolayer (a) and
multilayer (b) graphene regions grown in S min. (c) Atomic-resolution TEM image of monolayer graphene. The inset is the corresponding
fast Fourier transform pattern. (d) Raman spectra of graphene film on quartz glass after different growth times. (e) Correlation of UV—vis
transmittance and sheet resistance of the graphene/quartz glass after different growth times. (f) Mapping of the sheet resistance ona 5 X §
cm’ area of graphene film on an ST-cut quartz glass plate.
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Figure 3. Comparison of graphene film between BaF, confined growth and quartz glass confined growth. (a—d) SEM images of graphene
growth assisted by fluorine at ¢ = 2, 3, 4, and S min, respectively. (e—h) SEM images of graphene growth assisted by quartz confined flow at ¢
= 10, 30, 45, and 60 min. (i) Coverage of graphene as a function of growth time using BaF, and quartz as supporting substrates. (j) Number
of nuclei of graphene as a function of growth time using BaF, and quartz glass as supporting substrates. It indicates an ultrafast nuclei rate of
~1200 min~' cm™ with BaF, assistance, which is much larger than that of the quartz confined flow method (~130 min™" cm™2). (k) Time
evolution of the domain size by using BaF, and quartz as supporting substrate. The growth rate of graphene assisted by fluorine (~37 nm

min~") is much larger than that of quartz confined flow (~3 nm min™"). The error bars represent the standard error from the measurement
of 20 samples.

as-grown graphene film (Figure S6) with comparable quality modulation. The monolayer graphene film, which was obtained

with that of graphene without fluorine assistance (Figure S7). within just S min, showed a 97.0% transmittance at a
Moreover, the transparency and sheet resistance were wavelength of 550 nm, along with an average sheet resistance
characterized by UV—vis transmittance spectroscopy and the of ~3.2 kQ-sq~! (Figure 2e). The mapping of sheet resistance
four-probe method to test the capacity of optical and electrical on the wafer-scale film (S X S cm?®) reveals the uniform
10274 DOI: 10.1021/acsnano.9b03596
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Figure 4. Mechanism for the local-fluorine-assisted growth of graphene. (a) Schematic diagrams of a possible reaction route for graphene
growth with the assistance of metal fluoride, where the formation of CH,F (I) in the gas phase is a key step that greatly lowers the barrier of
carbon attachment to the edge of graphene (II, III, and IV). The energy profile for reaction I is shown in Figure S10 in the Supporting
Information. (b) The energy profile for reaction II: the reaction of a CH;F molecule with a graphene zigzag edge (gray). For comparison, the
energy profile for the reaction of a CH, molecule (green) is also presented. (c) The energy profile for reaction III: the attachment of the
second carbon by decomposing another CH;F molecule at the edge. (d) The energy profile for step IV: three added carbons form a new
hexagonal ring at the graphene zigzag edge with the assistance of another CH;F molecule. To clearly show the process, the carbon atoms of
the new hexagon are marked by purple. In the above reactions, the CH;F molecules play two critical roles: (i) as an easily decomposed
carbon source to lower the barrier of carbon attachment and (ii) to remove the additional H atoms from the edge of graphene.

resistance of the as-grown graphene on quartz glass (Figure
2f). In addition, the sheet resistance decreases by further
lengthening the growth time of graphene, which demonstrates
to be efficient in tuning the performance of the transparent
conducing electrode (TCE). Furthermore, the C 1s XPS
spectrum showed the featured signals of graphene, which
included an sp” carbon peak (284.8 eV), a C—H peak (285.5
eV), and a broad C—O peak.”” The absence of a F 1s peak and
C—F bonds of the as-grown graphene film (Figure S8)
indicates the high quality of graphene on glass without fluorine
doping.

In order to study the ultrafast growth behavior of graphene
domains on a quartz glass substrate, two different synthesis
methods were compared in detail: (i) the local-fluorine-supply
method and (ii) the commonly used confined-flow method
supported by a quartz substrate. After a growth time of ¢, the
system heating and carbon source supply were stopped
instantly, and a large flux of Ar gas was flushed in. The SEM
images (Figure 3a—d) illustrated that, with the support of a
fluoride substrate, a large amount of graphene nuclei occurred
within 2 min, and the graphene domains grew rapidly,
achieving full coverage on ST-cut quartz glass in only 5 min.
The domain growth rate was ~37 nm min~!, and the
nucleation rate reached ~1200 nuclei min™" cm™ (Figure
3i—k). In contrast, the growth rate was much lower with the
support of a quartz substrate (Figure 3e—h): no domain was
observed on the ST-cut quartz glass even after the feedstock
supply by 10 min. The nucleation started at around 20 min,

and full coverage occurred after at least 60 min. The domain
growth rate was ~3 nm min~’, and the domain nucleation rate
was ~130 nuclei min™' ecm™ (Figure 3i—k). The results of
mass spectroscopy (Figure S9) indicated that utilization
efficiency of CH, with fluorine assistance is about 15% higher
than that without fluorine. Notably, it is of particular interest
that the domain growth rates and nucleation rates were
enhanced by approximately 12 and 9 times, respectively, in the
fluorine-local-supply approach. These results demonstrate that
the active carbon feedstock is greatly enhanced in our designed
growth system. Such a growth rate is much faster than other
reported rates (Table S1, Supporting Information, comparing
to previous values on quartz substrate).

To further evaluate the graphene coverage with time, a
nonlinear fitting was used (Figure 3i). The coverage is equal to
the total of the whole graphene domain areas on the surface, as
well as proportional to the cube of growth time. Therefore, a
mathematic expression of the total coverage is given as

_ . 3
A=) Ai~ LISt (1)

where ¢ starts at t = 0 when the growth of the graphene domain
occurs on the surface of ST-cut quartz glass. Based on our
experimental analysis and the fitting value, homogeneous
graphene film on glasses with 100% coverage can be rapidly
fabricated in ~4—5 min, which may benefit the mass
production of low-cost, high-speed, and performance-tunable
TCE.
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The ultrafast growth of graphene on a quartz glass supported
by a local fluorine supply has been demonstrated in our
experiment. To understand the role of the local fluorine on
graphene growth, we performed density functional theory
(DFT) calculations to reveal a comprehensive picture of
graphene growth at the atomic level. Considering the fact that
the growth is in the environment with abundant H, gas and the
quartz glass must be catalytically inert, a graphene nanoribbon
(GNR) with hydrogen-terminated zigzag edges was con-
structed to represent the growth front of a growing graphene
island. As we are focusing on the role of fluorine in graphene
growth that is confined in the gas phase, the role of the
substrate in carbon feedstock decomposition and carbon
attachment were not considered in this study.

As confirmed by the XPS measurement, the BaF, substrate
will release fluorine to the narrow gap between BaF, and the
quartz substrate at the growth temperature (as shown in Figure
4a). Since fluorine possesses a strong electronegativity, it can
easily substitute the H in a CH, molecule to form CH;F (see
route I in Figure S10). The reaction barrier is only 0.66 eV,
and the reaction is highly exothermic; therefore, we can expect
that a considerable amount of CH, molecules was converted
into CH3F molecules in the narrow gap. The attachment of
carbon atoms to the graphene edge by the collision of gas
phase molecules with the graphene edge is a necessary step for
the graphene growth. The calculated reaction barrier of a CH,,
molecule reacting with a graphene zigzag edge is as high as
5.90 eV, and the reaction is endothermic (green profile shown
in Figure 4b and the concrete reaction process of the first step
for CH, is shown in Figure S11). So, we can conclude that the
direct reaction of CH, at a graphene edge is prohibited at the
temperature of graphene growth (1300 K), which must result
in a very slow growth rate of the graphene on a catalyst-free
substrate. In sharp contrast, the reaction barrier of a CH;F
molecule with a graphene zigzag edge is just 3.10 eV, and the
reaction is exothermic (gray profile shown in Figure 4b).

The low reaction barrier of carbon attachment to the
graphene edge explains the role of fluorine in ultrafast catalyst-
free graphene CVD growth. To further understand more
details of the graphene growth with the appearance of a CH;F
molecule, we considered a route of adding two more carbon
atoms and forming a new hexagonal carbon ring on the
graphene zigzag edge (routes III and IV in Figure 4a and the
reaction energy profile shown in Figure 4c,d). The barrier of
the second carbon addition is 2.55 eV, and the third carbon
addition is a repeatable step of the first carbon addition. The
threshold barrier of forming a new hexagonal carbon ring is
3.09 eV (the concrete intermediate reaction process is shown
in Figure S12), and all the reactions are exothermic. The above
calculations showed two important roles of CH;F in fast
graphene CVD growth: first, as a more active carbon feedstock,
the presence of CH3F molecules in the gas phase lowers the
barrier of carbon addition during graphene CVD growth;
second, a CH;F molecule can remove two terminating H
atoms from two nearby carbon atoms of a growing graphene
edge. Such a reaction creates two dangling bonds in the two
nearby carbon atoms, which allows a new C—C bond to be
formed between the nearby atoms. The two important roles
ensure the ultrafast growth of graphene.

CONCLUSIONS

In conclusion, we have demonstrated a continuous local-
fluorine-supply method to realize ultrafast graphene growth on
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a wafer-scale insulating substrate in just 5 min. The highly
increased growth rate of graphene domains (~37 nm min™")
and the quick nucleation rate (~1200 nuclei min~' ¢cm™2) both
account for this high productivity of graphene film. Further
studies show that the released fluorine can rapidly react with
CH, to form a more active carbon feedstock, CH;F, in the gas
phase, which greatly lowers the barrier of carbon attachment
and provides sufficient carbon feedstock for graphene growth
on a dielectric substrate. The ultrafast growth of graphene film
on glass is much more propitious to the commercial-scale
applications of optoelectronic devices, such as smart windows,
touch panels, LED illumination, and liquid crystal screens,
which spotlights its characteristic of transparent conducting.
Our work blazes an effective path for attaining high-quality
graphene films on wafer-scale insulating substrates in a quite
short production time, which boosts the low-cost and massive
manufacture of graphene-based substrates and diversifies
further applications in electronics, optoelectronics, and photo-
voltaics devices.

METHODS

Growth of Graphene. Cleaned ST-cut quartz wafers were placed
on a flat fluoride substrate, and then together they were loaded into a
3 in. quartz tube inside a three-temperature-zone furnace (Lindberg/
Blue). The tube was flushed with 1000 sccm Ar to remove air for 5
min, and then the temperature was ramped to the growth temperature
(1060—1100 °C) with 300 sccm Ar and 300 sccm H,. Afterward, the
H, was converted to 150 sccm with 20—37 sccm CH,, introduced into
the tube for graphene growth. Finally, the CVD system was promptly
cooled to room temperature with 1000 sccm Ar.

Transfer of Graphene. Typically, the graphene samples were
transferred by employing a wet etching method (using poly(methyl
methacrylate) as mediated protector and 1:1 hydrofluoric acid/
ethanol solution as etching solution).

Characterization. The SEM images were taken by a SEM
(Hitachi S-4800) operating at 1 kV. Raman spectra were taken by a
LabRAM HR-800 (Horiba) using 514 nm laser excitation. Trans-
mittance was measured by UV-—vis spectroscopy (PerkinElmer
Lambda 950 spectrophotometer). The sheet resistance was tested
by a four-probe resistance measuring meter (Guangzhou 4-probe
Tech Co. Ltd,, RTS-4). The quality of graphene films was further
characterized by XPS (Kratos Analytical Axis-supra), TEM (FET
Tecnai F20, operating at 200 kV), and AFM (Vecco Nanoscope II1a).
The atomically resolved images of graphene were obtained on a FEI
Titan3 300-80 TEM operated at 80 kV.
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