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Graphene has attracted a great deal of interest due to its fascinating properties and awide variety of potential ap-
plications. Several methods have been used to achieve high-quality graphene films on different substrates. How-
ever, there have been only a few studies on graphene growth on iron (Fe) and the growth mechanism remains
unclear. This paper systematically investigates temperature-dependent growth of graphene on Fe substrate by
gas-source molecular beam epitaxy. Two-dimensional (2D), large-area graphene samples were grown on Fe
thin films, and characterized by Raman, X-ray photoelectron spectroscopy, X-ray diffraction, optical microscopy,
transmission electronmicroscopy and atomic forcemicroscopy. It is found that graphene flakes can be grown on
Fe at a growth temperature as low as 400 °C and the optimized large-area graphene growth temperature is rel-
atively low between 500 °C and 550 °C. The graphene growth on Fe that undergoes the formation and decompo-
sition of iron carbide is discussed.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Graphene is composed of single-layer or few-layer sp2-bonded car-
bon (C) atoms arranged in a two-dimensional hexagonal crystal lattice,
and its lateral dimension can span from nanoscale to wafer-scale. Nu-
merous researchers have looked into methods for producing highly
crystalline wafer-scale graphene because of its outstanding properties
and a wide variety of potential applications. These methods include
“scotch tape” approach for exfoliating graphene from highly ordered
pyrolytic graphite (HOPG) [1], graphitization of silicon carbide surfaces
[2–4], and epitaxial growth on catalyticmetal substrates using chemical
vapor deposition (CVD) [5–7] and molecular beam epitaxy (MBE) [8,9].
Among these methods, the epitaxial growth can produce large-size
graphene layers in a controllable manner. To date, various transition
metals have been used as templates or substrates for high-quality
graphene synthesis [5–12]. Compared with other metals, such as Ni,
Co, Pt, there are very few reports about graphene growth on iron (Fe)
[13–15], which is the most widespread transition metal. The main rea-
son could be the challenging procedure of graphene growth on Fe due
to its higher chemical reactivity compared with other transition metals.
In addition, its growth mechanism, which may correlate with the com-
plex Fe-C phases, remains elusive.

In this paper, we demonstrate low-temperature growth of high-
quality, large-area graphene thin films on Fe substrates by gas-
source MBE. Various characterization methods have been employed
to assess the films. Unique mechanism involving the formation/de-
composition of iron carbide (FexCy) is responsible for the growth of
graphene on Fe, in contrast to precipitation of C atoms without in-
volvingmetal carbides from other metals. The formation of graphene
by involving the chemical reaction between Fe and C rather than
temperature-sensitive physical precipitation process enables pre-
cise control of the thickness of the film because the reaction of Fe
and C can be well controlled at certain temperature, compared
with drastic wide-range temperature change requirement for the
precipitation growth of graphene on other metals. Moreover, the re-
action of Fe and C can occur at relatively low temperature, leading to
low-temperature synthesis of graphene. Thus, this work not only
elucidates the mechanism of graphene growth on Fe but also pro-
vides a convenient route to achieve scalable epitaxial graphene
films for those applications that can only sustain moderate- and
low-temperature processes.

2. Materials and methods

2.1. Growth method

A Perkin-Elmer MBE system was used for graphene growth. Acety-
lene gas (C2H2, Airgas, 99.9999%) was connected to the MBE chamber
as a C source and the flow rate was tuned by a mass flow controller
(MFC). H2 gas (Airgas, 99.9999%) was also introduced to the chamber
by a needle valve during the process when necessary. An Fe film of
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300 nm was grown on a SiO2/Si wafer by an e-beam evaporator and
used as substrate. After the substrate was transferred to the growth
chamber, the substrate was heated to a targeted growth temperature
between 250 °C and 800 °C at a rate of 10 °C/min and annealed for
10 min. During the annealing process, 10 sccm H2 was introduced into
the chamber to remove possible iron oxide and suppress evaporation
of Fe. After that, H2 flow ratewas decreased to 6 sccm, and the graphene
growth started by the introduction of 5 sccm acetylene. During the
growth, the pressure was usually between ~1 × 10−4 and
1 × 10−5 Torr depending on the source flow rates. The growth lasted
for 2 min. After the growth, the sample was slowly cooled to room tem-
perature at a rate of 10 °C/min.
2.2. Characterization methods

Optical microscopy and Raman characterization were performed
using a HORIBA LabRAM system equipped with a 50-mW 514-nm
green laser. X-ray photoelectron spectroscopy (XPS) characteriza-
tion was carried out using a Kratos AXIS ULTRA XPS system equipped
with an Al Kαmonochromatic X-ray source and a 165-mm mean ra-
dius electron energy hemispherical analyzer. X-ray diffraction (XRD)
spectra were measured with a Bruker APEX system. Cross-sectional
transmission electron microscopy (TEM) image was obtained by an
FEI/Philips CM20 system, and plan-view TEM image was acquired
by an FEI Tecnai12 system. Atomic force microscopy (AFM) charac-
terization was performed using a Veeco Dimension 5000 system.
Some characterizations were done on transferred graphene films,
which were removed from Fe substrates by etching of substrate in
FeCl3 solution and the assistance of a polymethyl methacrylate
(PMMA) coating layer [16].
Fig. 1. (a)–(l) Optical microscopy images of graphene samples grown on Fe at different substr
flakes are seen at 400 °C, and keep enlarging with the increase of temperature. As temperatur
films. As temperature is over 600 °C, condensed graphite grains are observed.
3. Results and discussion

Fig. 1 shows a set of optical microscopy images of as-grown
graphene samples on Fe substrates at growth temperatures between
250 °C and 800 °Cwith a step of 50 °C. Significant change in morphol-
ogy of graphene films is observed. At low growth temperatures
(≤350 °C), no film is visible. Starting from 400 °C, graphene flakes
are formed and enlarged with the increase of the growth tempera-
ture. Graphene film extends to cover the whole substrate as the
growth temperature reaches 550 °C. From 600 °C, graphene films
can still be seen, however, condensed graphene domains start to ap-
pear randomly. The domains become larger and thicker with the in-
crease of growth temperature. It should be noted that micrometer-
sized graphene flakes are grown at a growth temperature as low as
400 °C, and large-area continuous graphene films on Fe are achieved
at growth temperature of 500–550 °C, while much higher growth
temperature is required to form graphene on other metal substrates
(Cu, Co, etc.) [5–12].

Fig. 2(a) shows a typical Raman spectrum of graphene grown on Fe
at 550 °C, in which the G (1594 cm−1)/2D (2709 cm−1) ratio is 1.1, in-
dicating that the as-grown film is few-layer graphene. D peak located at
1350 cm−1 is also seen in the spectrum, indicating that defects exist in
the graphene film grown at 550 °C [17]. The inset shows a Ramanmap-
ping image of graphene grown at 550 °C. Over 80 points weremeasured
over a mapping area of 40 μm× 40 μm.Mappingwas donewith respect
to the intensity of the G peak, which provides graphene thickness infor-
mation. As seen from the image, graphene signal is observed across all
the area. In addition, most area is uniform in thickness (green color),
while some area is thicker (red color). It is consistent with the optical
microscope imaging results, namely, the as-grown graphene is locally
uniform with darker spots representing thicker film (Fig. 1g).
ate temperatures. As temperature is below 350 °C, there is no obvious growth. Graphene
e is between 500 °C and 550 °C, the Fe substrates are fully covered by uniform graphene



Fig. 2. Raman analysis of graphene samples grown on Fe at different temperature. (a) A typical Raman spectrum of a sample grown at 550 °C. G/2D ratio indicates that it is few-layer
graphene. D peak is also evident. The inset is a Raman mapping result of graphene film grown at 550 °C. The mapping area is 40 μm × 40 μm. (b) G/2D ratio, (c) FWHM of 2D peak,
(d) and D/G ratio as a function of growth temperature for samples grown from 400 °C to 800 °C.

Fig. 3. XRD patterns of graphene samples grown on Fe at different temperatures. Graphite
signal is detected as growth temperature is higher than 600 °C. FexCy signal is observed as
the growth temperature is between 350 °C and 600 °C.
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Fig. 2(b) shows G/2D ratio and Fig. 2(c) shows full width at half maxi-
mum (FWHM) of 2D peaks from Raman spectra of the samples grown
from 400 °C to 800 °C, respectively. The lowest G/2D ratio is ~1 as the
growth temperature is between 500 °C and 550 °C. Similar trend is
shown in measured FWHM, which reaches its minimum of ~50 cm−1

at the same growth temperature range, indicating again that the
graphene film has 2 or a few layers [18]. Fig. 2(d) shows D/G ratio as a
function of growth temperature, which reflects relative density of de-
fects in the graphene films [19]. As seen from Fig. 2(d), D peak is always
detected as growth temperature is lower than 650 °C, and disappears as
the temperature exceeds 700 °C. Similar results of temperature-
dependent effect on D peak were also observed for graphene grown
on other metals [20–22].

Fig. 3 shows XRD patterns of graphene samples grown at different
temperatures. Fe [110], [200] and [211] peaks are evident in the spectra
of all these samples, showing that Fe thin films are polycrystalline [23,
24]. Graphitic signal, which is located at 27.5 2θ diffraction angle [25],
is observed for the samples grown at a temperature of 600 °C and
higher. The intensity of the graphene peak increases with the increase
of temperature. This result is in close agreement with optical microsco-
py result shown in Fig. 1: As the temperature is higher than 600 °C,
graphite features form instead of graphene films. 2θ diffraction peaks
at 38.2° and 43° are observed for the samples grown between 350 °C
and 650 °C, which indicates the existence of various iron carbide FexCy
with different Fe and C mole fractions, including cementite (Fe3C)
[26]. As the temperature is lower than 350 °C, C solubility in Fe is so
low that FexCy cannot be formed. As the temperature is higher than
650 °C, decomposition of FexCy into Fe and graphite speeds up, which
essentially prevents the formation of graphene thin film. Only within a
growth temperature window, in this case, 350–650 °C, the formation
and decomposition of FexCy can be balanced to form graphene films. It
suggests that the graphene on Fe growth is not a simple layer-by-layer
deposition process or C precipitation process, but related to the chemi-
cal reaction of C and Fe atoms.

Fig. 4 shows XPS spectrum of the graphene sample grown at 550 °C.
Graphene-like C sp2 peak is located at 284.8 eV, and C-Opeak (288.3 eV)
is also observed [27]. In addition, Fe 2p 3/2 and 2p 1/2 peaks are detect-
ed [28]. With these different phases of Fe, high-quality graphene film
can still form on Fe, further indicating that the chemical reaction of C
and Fe has played an important role in the formation of graphene.

Fig. 5(a) shows a low-magnification cross-sectional TEM image of
the graphene sample grown at 550 °C. The surface of Fe thin film is



Fig. 4.XPS spectrum of graphene sample grown on Fe at 550 °C. C sp2, C-O peak, Fe 2p 3/2,
and Fe 2p 1/2 peaks are detected.
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not flat, which is originated from the heat treatment at the growth tem-
perature. It is evident that a continuous graphene film grows
conformally on the Fe substrate. Nevertheless, the film thickness is not
uniform across the surface. The inset of Fig. 5(a) shows a high-
magnification view of a thicker film area. Layered graphenewith amea-
sured inter-layer distance of 0.34 nm is evident, which matches out-of-
plane inter-layer distance of graphene verywell. Fig. 5(b) shows a plan-
view TEM image of the sample grown at 550 °C. Relatively thin and uni-
formgraphenefilmwith some darker spots representing thicker areas is
observed. The inset shows a clear selected area electron diffraction
(SAED) pattern, leading to a calculated A-plane distance of 0.211 nm,
which is in good agreement with the theoretical value of graphene.
Fig. 5(c) shows an AFM image of a transferred graphene on SiO2. Most
areas are flat and thin. A line scan profile shown in the inset reveals a
thickness of about 0.7 nm, which indicates the existence of a bi-layer
graphene. This result is in close agreement with the Raman result of
this sample shown earlier. Some bright spots observed in the AFM
image could be either related to the convex areas in the graphene
film, which are inherited from rough Fe surface, or from thicker
graphene domains.

Finally we briefly discuss the graphene growth mechanism. As the
temperature is lower than 350 °C, the solubility of C in Fe is low, there-
fore, reaction between C and Fe is negligible, leading to no graphene
growth. As the temperature is higher than 350 °C, enough C atoms are
dissolved into Fe substrate and react with Fe to form iron carbide:
Fe + C → FexCy, which transform into graphene at the same time:
Fig. 5. (a) Cross-sectional TEM image of graphene sample grown on Fe at 550 °C. Graphene is see
The inset is a higher-magnification TEM image of a local thicker film region on this sample, sho
from the sample grown at 550 °C. The inset is its SAED pattern. (c) AFM image of a transferred g
about 0.7 nm.
FexCy→ Fe+ C. The sequential reaction and decompositionmechanism
leads to the growth of graphene in the intermediate temperatures
(400–650 °C). As the temperature is higher than 650 °C, the formation
and decomposition speed of FexCy increases drastically, which leads to
the quick formation of discrete thick graphite domains rather than 2-
D uniform graphene films. Thus, the formation and decomposition of
FexCy plays an indispensable role in the growth of graphene on Fe,
which is different with graphene growth on other metals.

4. Conclusion

We have carried out temperature-dependent growth of graphene
thin films on Fe byMBE. Graphene begins to grow at a very low temper-
ature of 400 °C and covers entire Fe surface at a relatively low tempera-
ture of 500–550 °C. Graphitic islands dominate the growth at a
temperature higher than 600 °C. It is found that the formation/decom-
position of FexCy is responsible for the growth of graphene on Fe,
which differs with the precipitation growth of graphene on some
other metals.
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