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ABSTRACT: In this article, we demonstrated a method to synthesize
graphene films at low temperature via a mild radical-coupling reaction. During
the deposition process, with the effectively breaking of the C−Br bonds of
hexabromobenzene (HBB) precursors, the generated HBB radicals couple
efficiently to form graphene films at the low temperature of 220−250 °C. In
situ low-temperature scanning tunneling microscopy was used to provide
atomic scale investigation of the graphene growth mechanism using HBB as
precursor. The chemical structure evolution during the graphene growth
process was further corroborated by in situ X-ray photoelectron spectroscopy
measurements. The charge carrier mobility of the graphene film grown at low
temperature is at 1000−4200 cm2 V−1 s−1, as evaluated in a field-effect
transistor device configuration on SiO2 substrates, indicating the high quality
of the films.

1. INTRODUCTION

Graphene is a promising candidate for next generation carbon
electronics.1 A stringent requirement to realize graphene
electronics is to grow structurally perfect graphene sheets in a
large area.2−4 Different approaches have been developed to
synthesize graphene and graphene nanostructures, such as the
pioneer works of direct chemical synthesis,5−9chemical vapor
deposition (CVD) of hydrocarbons on metal substrates,10,11

epitaxial growth on single crystal metals,12 thermal decom-
position of SiC,13 exfoliation from bulk graphite,14 and the
tailoring of graphene sheets or carbon nanotubes into
nanoribbons.15−17 The chemical bottom-up ways have attracted
attention owing to the feasibility of producing large area
graphene films from polymers and small molecules. However,
there remains some challenges to bottom-up synthesize
graphene films facilely, e.g., to synthesize graphene at low
temperature. In this article, we demonstrated a bottom-up way,
i.e., via a mild radical-coupling reaction, to synthesize graphene
films at low temperature (220−250 °C) in a two-temperature-
zone furnace.

2. EXPERIMENTAL SECTION
The low-temperature scanning tunneling microscopy (LT-STM)
experiments were performed in a custom-built multichamber ultrahigh
vacuum (UHV) system.18 The Cu(111) single crystal (MaTeck,
Germany) was cleaned by standard Ar+ sputtering and annealing
cycles. The surface structure and cleanliness of Cu(111) were
characterized by LT-STM before the deposition of HBB molecule.
Sublimation purified HBB molecules (Aldrich, 98+%) were thermally

(80 °C) evaporated from Knudsen cells (MBE Komponenten,
Germany) onto the Cu(111) kept at room temperature or different
elevated temperatures, monitored by a thermal couple attached. The
STM imaging was carried out in constant current mode with a
chemically etched W tip at 77 K. The in situ X-ray photoelectron
spectroscopy (XPS) measurements were carried out in a custom-built
multichamber UHV-XPS system with VSM 125 hemispherical electron
analyzer.19 The copper foils used in chemical vapor deposition (CVD)
were successively cleaned with pure water, hot acetone, piranha
solution (H2SO4/H2O2 = 7:3), pure water, pure isopropanol, and
finally dried with high-purity nitrogen gas. The graphene samples were
characterized by Raman spectroscopy (Renishaw invia plus, with laser
excitation of 514 nm LabRAM HR800, with laser excitation at 514
nm), XPS (ESCALab 220I-XL), transmission electron microscopy
(Tecnai G2 F20 U-TWIN).

3. RESULTS AND DISCUSSION

At the heart of graphene synthesis is how to couple benzene
radicals into graphene networks (Figure 1a). Hexabromoben-
zene (HBB), a cheap industrial chemical, is used as the source
material. When HBB solution was heated at 120 °C for 60 min
(classic Ullmann coupling-reaction conditions), it quickly
changed from dark-red to black (Figure 1b). The black
materials are identified as carbon derivatives (Figure S1) by
XPS due to the dissociation of HBB C−Br bonds even under
the mild conditions.20 In the Raman spectrum of the black
products, the pronounced peaks at 1339 and 1589 cm−1
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correspond to the D and G peaks of graphene (Figure 1c). This
demonstrates the formation of nanocrystalline graphene flakes
at low temperature,21 i.e., HBB under goes a debromination
reaction as the C−Br bonds22−25 are ruptured and the resulting
radicals undergo successive radical coupling to synthesize
graphene derivatives. To verify the radical-coupling process, n-
tert-butyl-α-phenylnitrone (PBN) was used as a radical trap
during the Ullmann reaction. The electron paramagnetic
resonance (EPR) spectrum (Figure 1d, and experimental
details see Supporting Information) reveals that stable high-
spin free radicals exist in the solution, i.e., the efficient
generation of HBB radicals facilitate the synthesis of graphene
via the radical cross-coupling reaction (Figure 1e).
In-situ LT-STM was used to monitor the HBB radical-

coupling assisted growth of graphene on Cu. The room
temperature deposition of HBB molecules on Cu (111) under
UHV conditions immediately leads to the debromination of
HBB. As shown in Figure 2a, bromine adatoms aggregate in
hexagonal closely packed islands with unit cell dimensions of a
= b = 0.44 nm, α = 60°. These aggregated Br islands are
distributed along Cu step edges and terraces26 (see yellow
rectangle in Figure 2a and the corresponding enlarged STM
image in Figure 2b). This suggests that HBB undergoes the
Ullmann reaction catalyzed by Cu (111). This is in good
agreement with the Ullmann coupling of C6H5Br on Cu (111)
surface at room temperature.27

However, due to the occupation of the active substrate
surface by bromine adatoms, the decomposed carbon radicals
aggregate into disordered clusters at room temperature as
shown in Figure 2c. Indeed, under UHV conditions without H2
carrier gas, high-quality graphene thin films can be grown by
depositing HBB on Cu (111) at 570 °C (Figure 2d−g, at other
temperature see Figure S2). The rotation of the graphene
lattice with respect to the underlying Cu (111) lattice28 results

in the appearance of a long-range ordered Moire ́ pattern with
periodic spacing of 2.3 nm (Figure 2d−f).29−32 The monolayer
graphene honeycomb lattice can be clearly seen in Figure 2g,
confirming the growth of high-quality graphene on Cu via the
radical-coupling reaction at low temperature.
In situ XPS measurements were used to monitor the

chemical structure evolution of the molecules involved in the
decomposition processes of HBB at different temperatures. A
multilayer HBB film at room temperature was used as a
reference. As shown in Figure 3a, the C 1s peak of the
multilayer HBB film is centered at 285.5 ± 0.05 eV with its
shakeup peak at ∼290.4 ± 0.05 eV. Room temperature
deposition of the monolayer HBB film on Cu foil leads to a
significant broadening of the C 1s peak as compared to that of
the multilayer film. The C 1s peak is centered at 284.1 ± 0.05
eV with a high-binding energy shoulder located at around of
285.5 eV.
In conjunction with our in situ STM results, the C 1s peak at

284.1 ± 0.05 eV results from the decomposition of HBB
monolayer on Cu foil involving the breaking of the C−Br bond
and the subsequent formation of C−C bond among the
neighboring HBB radicals (Figure 2a). However, the C 1s

Figure 1. The synthesis of graphene from HBB with a radical cross-
coupling reaction. (a) Ideal graphene structure. (b) Color changes in
the HBB solution during the Ullmann radical-coupling reaction at 120
°C for 60 min. (c) Raman spectrum of the products of the HBB
radical-coupling reaction. (d) EPR spectrum of aryl free radicals. (e)
Schematic representation of the synthesis of monolayer graphene via
the HBB radical-coupling reaction.

Figure 2. STM topographies of HBB radical-coupling reactions on Cu
(111). (a) Initial formation of HBB clusters and bromine islands at
room temperature. Pink rectangle: disordered clusters of HBB radicals;
yellow rectangle: hexagonal-packed bromine-adatom islands; and red
arrow indicates the step edge in the Cu substrate. (b) Magnified image
of the bromine-adatom islands with hexagonal packing. (c) Magnified
image of the disordered aggregated carbon clusters. (d−f) Radical-
coupling assisted formation of monolayer graphene by decomposing
HBB on the annealed Cu (111) at 570 °C. (d) Large-area scan of
monolayer graphene on Cu (111). (e) STM image of graphene islands
on Cu (111). Inset: Fourier transforms of the hexagonal super-
structure. (f) Atomic resolution STM image showing periodic spacings
of 2.3 nm in the Moire ́ pattern. (g) Atomic resolution STM image of
the bright spot in (F) with honeycomb structure. Tunneling
parameters: (a) Vtip = 0.5 V, I = 80 pA; (b) Vtip = 0.2 V, I = 80
pA; (c) Vtip=0.5 V, I = 80 pA; (d) Vtip = 1.2 V, I = 90 pA; (e) Vtip = 1.2
V, I = 80 pA; (f) Vtip = 1 V, I = 80 pA; (g) Vtip = 0.2 V, I = 90 pA.
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shoulder at higher binding energy suggests that not all HBB C−
Br bonds are broken at room temperature. Further annealing of
this monolayer HBB film at higher temperature leads to the
gradual disapparence of the C−Br related components. After
annealing at 580 °C, the C 1s spectra have a sharp peak
centered at 284.1 ± 0.05 eV without a high-binding shoulder,
revealing the complete decomposition of HBB molecules.
This can be further corroborated by the evolution of the Br

3p peaks. As shown in Figure 3b, when compared with that of
the multilayer HBB film on Cu foil with Br 3p3/2 centered at
183.5 ± 0.05 eV, the Br 3p3/2 peak of the monolayer HBB film
is much broader and extends toward lower binding energies at
181.6 ± 0.05 eV. Upon C−Br bond breaking, the Br atoms
aggregate into small islands and interact strongly with the bare
Cu substrate. As the Cu−Br bond possesses ionic character, the
Br is more negatively charged compared with the Br in the C−
Br bond, and hence the Br 3p3/2 shifts toward lower binding
energies. Upon annealing the HBB monolayer to 250 °C, the
C−Br component almost vanishes, indicating that all C−Br
bonds at this temperature are broken. With further annealing to
580 °C, we could not detect any visible Br components,
suggesting that Br atoms evaporate from Cu substrates upon
high-temperature annealing. Our in situ STM and XPS results
reveal that graphene formation using HBB as a precursor
competes with the adsorption of released Br from HBB on Cu,
i.e., the formation of high-quality graphene films requires the
complete desorption of Br on Cu which allows a free Cu
surface to catalyze the HBB radicals into graphene. This
suggests that it is necessary to design a proper synthesis process
to avoid or prevent the adsorption of released Br atoms on Cu
surfaces during the reaction. Fortunately, in the CVD process,
the dissociated H2 on Cu at elevated temperature can interact
with Br and to promote the desorption of these decomposed
Br, thereby emptying the Cu surface for the graphene growth.
Large-area graphene films were synthesized based on the

radical-coupling reaction in a two-zone furnace of a physical
vapor transport system (Figure S3). HBB was sublimed at low
temperatures (100−150 °C), and the radicals were transported
with H2/Ar carrier gas and deposited on substrates in the high-
temperature zone (220−250 °C). The sublimation of HBB was

accurately controlled at 0.035 mg/min, i.e., 2.8 molecules/
(nm2·s).
A graphene films of 3 × 3 cm2 was transferred onto a silicon

wafer with 300 nm-thick SiO2. The thickness of this graphene
layer, measured by AFM, is 1.05 nm (Figure 4a). The TEM

image of the monolayer graphene film is shown in Figure 4b,
and the corresponding selected area electron diffraction
(SAED) pattern, shown in Figure 4c, illustrates the hexagonal
structure of the (0001) basal plane. The same SAED pattern
was obtained at different parts of the same film. A two-
dimensional (2D) fast Fourier transform (FFT) was performed
on this film (i.e., on the same film in the TEM image in Figure
4d). The FFT of a single hexagonal graphene network produces
six spots of 0.21 nm spacing (Figure 4e). Figure 4f showed the
image reconstructed by filtering in the frequency domain to
remove unwanted noise. The Raman spectrum of monolayer
graphene is shown in Figure 4g. The two sharp peaks in this
spectrum are the G peak at 1580 cm−1 and the 2D peak at 2701
cm−1. The I2D/IG intensity ratio is 4, and the full-width at half-
maximum (fwhm) of the 2D peak is 30 cm−1. The D peak
(1350 cm−1) is weak, suggesting the absence of sp3 carbon
atoms and defects. Raman spectral mapping (Figure S4)
showed a very weak D band and very sharp and uniform G and
2D bands; the 2D band at 2700 cm−1 has a fwhm of 35−55
cm−1, indicating the high quality of the graphene films.33,34

The quality of the obtained graphene films was further
evaluated by the electrical transport measurements in a field-
effect transistor configuration.35−37 Bottom gate, top contact
transistor devices of the graphene films were fabricated on Si/
SiO2 (300 nm) substrates (low-resistance Si as the back gate)
by thermally evaporating Au films as source and drain
electrodes (Figure 5). Transistor arrays based on the graphene

Figure 3. Core-level XPS spectra showing the evolution of HBB films
on Cu foil after annealing at different temperatures: (a) C 1s and (b)
Br 3p. (1) Reference multilayer HBB film grown at room temperature
(RT) on Cu foil. (2) Monolayer (ML) deposit at RT. (3) ML
annealed at 85 °C. (4) ML annealed at 250 °C. (5) ML annealed at
580 °C. All spectra are measured using Al Kα. All binding energy are
relative to the Fermi level position of analyzer sputter-cleaned Au foil.

Figure 4. Graphene films synthesized by vacuum radical-coupling
reaction. (a) AFM image of the d 1.05 nm-thick monolayer graphene
film. (b) TEM image of the monolayer graphene film. (c) The
corresponding SAED pattern of the monolayer graphene film shows a
the hexagonal structure of the (0001) basal plane. (d) A 2D FFT of
the film. (e) FFT image showing the diffraction pattern. The six spots
indicate that the graphitic layers are aligned with the Cu lattice planes
(spacing 0.21 nm). (f) The reconstructed image after filtering the
noise in the frequency domain. (g) The Raman spectrum of the
monolayer graphene.
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film are shown in Figure 5a,b. All devices were measured at
room temperature. The typical output and transfer character-
istics of the devices are shown in Figure 5c,d. We have
fabricated 50 devices. The measured mobilities are in the range
of 1000−4200 cm2 V−1 s−1, which are comparable to that of
previously reported CVD-grown graphene.10,38,39 The high
mobility of the transistors indicates the high quality of the
graphene films.

4. CONCLUSION
In summary, we demonstrated a mild radical-coupling reaction
to synthesize graphene films at low temperature (220−250 °C).
With the debromination of HBB, the generated benzene
radicals coupled into graphene films efficiently at low
temperature. Such growth mechanism was further corroborated
by in situ LT-STM and XPS investigations. The graphene films
showed sharp G peak at 1580 cm−1 and 2D peak at 2701 cm−1

with I2D/IG intensity ratio of 4. Field-effect transistors based on
the graphene films and Si/SiO2 substrates exhibit hole mobility
up to 4200 cm2 V−1 s−1.
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