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Chemical vapor deposition (CVD) from gaseous hydrocarbon sources has shown great promise for large-scale
graphene growth, but the high growth temperature, typically 1050 °C, requires precise and expensive
equipment and makes the direct deposition of graphene in electronic device manufacturing processes
unfeasible due to the severe physical damage to substrates. Here we demonstrate a facile route to
synthesize graphene by catalytic metal engineering and thermal processing. The engineered catalytic metal
(copper) with carbon implantation could lower the synthetic temperature to 700 °C. And the resulting
graphene shows few defects, uniform morphology and high carrier mobility, comparable to CVD graphene
grown at 1050 °C. This technique could expand the applications of graphene in electronic and
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1. Introduction

Graphene, an atomically thin film made of honeycomb carbon
atoms, has received considerable attention due to its fabulous
electrical, optical and mechanical performance.’ The 2D planar
structure of graphene makes it compatible with traditional elec-
tronic device architectures and it has been proposed for applica-
tions in frequency transistors, transparent conducting electrodes,
and sensors for optical, gas, and strain detection.®® To date,
metal-catalyzed chemical vapor deposition (CVD) by decomposi-
tion of methane has been commonly utilized to fabricate large-
scale and high-quality graphene."** For industrial applications,
large-area and high-quality graphene is demanded at low cost.
However, CVD growth of graphene is usually performed at a high
temperature (i.e., 1050 °C),*** which requires precise and
expensive equipment and makes the direct deposition of gra-
phene in electronic device manufacturing processes infeasible due
to the severe physical damage to substrates (e.g., metals, semi-
conductors, and the junctions between them). In order to address
this issue, low temperature synthesis of graphene urgently needs
to be achieved. Plasma enhanced CVD (PECVD) can effectively
reduce the growth temperature, but the etching and bombarding
effects of high energy hydrogen ions ionized by the plasma may
introduce a high density of defects into graphene.'*" Besides,
PECVD is not suitable for industrial applications due to its high
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optoelectronic device manufacturing and is compatible with conventional microelectronics technology.

cost. Using less stable solid or liquid feedstock instead of methane
is another approach for decreasing the CVD temperature of gra-
phene growth. However, the flow of the pneumatolytic solid or
liquid feedstock is difficult to control and most alternative feed-
stock such as benzene is hypertoxic. Therefore, low-temperature
synthesis of graphene still remains a challenge.

In this work, we systematically analyze a facile approach to
grow graphene by catalytic metal engineering prior thermal
processing at a low temperature down to 700 °C. The catalytic
metal (copper) was engineered by carbon implantation to form
Cu/C alloys and the implanted carbon atoms acted as the
feedstock for graphene synthesis. The as-deposited graphene
shows few defects, uniform morphology and high carrier
mobility, comparable to CVD graphene grown at 1050 °C. The
resulting graphene by catalytic metal engineering and thermal
processing could expand the applications of graphene in elec-
tronic and optoelectronic device manufacturing and was
compatible with conventional microelectronics technology.

2. Experimental section

2.1. Low-temperature synthesis of graphene

As shown in Fig. 1, the catalytic metal (Cu) was first engineered
by C implanting (30 keV) and the atomic ratio of Cu and C in the

Annealing Cu-C Forming graphene

at 680-760°C and cooling
e T ac
Si0, —> Si0
s |

Fig. 1 The flow chart of low temperature graphene synthesis by
catalytic metal engineering and thermal processing.
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obtained Cu/C alloy was 99.06 : 0.04. Then Cu/C alloy was
deposited on a SiO,/Si substrate by sputtering prior annealing.
The annealing process was maintained at the designed
temperatures (680-760 °C) for 10 min followed by naturally
cooling in an annealing furnace with H, shielding. The low
content of C in the alloy was due to low solubility of C in Cu. In
the alloy, C was the feedstock of graphene and Cu acted as the
catalyst. Therefore, no external feedstock was needed for gra-
phene synthesis. The thickness of Cu-C film was 1.14 um. The
design of annealing temperatures and Cu-C film thickness will
be discussed in the theoretical calculation part.

2.2. Graphene characterization

The obtained graphene films were characterized by Raman
spectroscopy, atomic force microscope (AFM) and high resolu-
tion transmission electron microscopy (HRTEM), respectively.
The Raman measurements were carried out using a Raman
spectroscopy of HORIBA Jobin Yvon HR800. All samples were
excited by Ar' laser with wavelength of 514 nm with the spot size
of 1 um in diameter. The obtained graphene film was trans-
ferred from the Cu/SiO,/Si substrates onto glass slides by
a PMMA-assisted wet-transfer method in order to directly eval-
uate the thickness of the graphene film. The SiO,/Si substrates
were etched by 10% potassium hydroxide solution while Cu was
etched by 30% iron trichloride solution. Then the cross-section
microstructure of graphene on the glass was characterized by
the HRTEM (JEOL-2100F). Graphene field effect transistors
(GFETs) were fabricated by lithography and the device structure
was detected by the scanning electron microscope (SEM) using
a JEOL 7800F with an accelerating voltage of 5 kV beam. The
GFETs were measured at room temperature under ambient
conditions by an analytical probe station.

3. Results and discussion

3.1. Theoretical calculation

Cu-C alloys were selected as the sputtering target in which the
atomic ratio of Cu and C was 99.06 : 0.04. The thickness of
deposited Cu-C alloy could be calculated by the following
equation

npT =7y (1)

where 71 is the copper concentration and carbon solubility
(99.96/0.04), p is the copper atomic density (8.36 x 10>*> atoms
per cm®), 7 is the Cu-C film thickness, and v is the amount of
carbon atoms in graphene (3.8 x 10" atoms per cm?). There-
fore, the thickness of Cu-C film could be calculated as 1.14 pm.
The annealing temperature could be estimated by the following
Arrhenius equation,

D =D, exp( - Ak—(;in) (2)

where D, is the diffusion constant of C in Cu, AG,, is the acti-
vation energy (0.990 eV) for the migration of the interstitial
atoms, k is the Boltzmann constant, and 7 is the temperature.
D, can be extracted from the following equation,
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1, A4S,
Dy = Ptk exp( R ) (3)

where « is the lattice constant (0.377 nm for Cu), z is the
number of sites available (0.6), v is the vibration frequency (10"
Hz), AS,, is the entropy of migration (2.554 x 10* eV K '), and R
is the gas constant (5.189 x 10" eV K™'). As a result, D, was
estimated to be 0.14 cm” s~ . The thickness (t) of Cu-C film has
been calculated as 1.14 pm and the distance (7’) of carbon atoms
need to travel is typically an order of magnitude greater than r,
which can be also estimated by the following equation,

7 = /Dt (4)

where ¢ is the diffusion time. Assuming the diffusion time is 1 s
and combining eqn (2) and (4), the annealing temperature
could be estimated as 720 °C.

3.2. Synthetic temperature verification

The theoretical estimation of the synthetic temperature was
confirmed by experiments. Fig. 2a shows the Raman spectra of
graphene by annealing Cu/C alloys at different temperatures
(680-760 °C). The main features in the Raman spectrum of gra-
phene are the G and 2D peaks, lying at around 1580 cm ™' and
2700 cm ™', respectively. The G peak corresponds to optical E,g
phonons at the Brillouin zone center (I'), whereas the 2D peak
originates from a process where momentum conservation is
satisfied by two phonons with opposite wave vectors.'®** There-
fore, no defects are required for the activation of 2D peak, and it
thus always presents. The D peak lying at around 1300 cm ™' is
due to the breathing modes of six-member rings and requires
a defect for its activation.**>* Defects, which include structural
disorder such as grain boundaries or vacancies, edges, and
functionalized groups, have the effect of increasing D peak
intensity (Ip), decreasing 2D band intensity (I,p) and broadening
the 2D full width at half-maximum (FWHM). As shown in Fig. 2a
and b, the intensity ratio of D peak and G peak (Ip/I; ratio) rises
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Fig. 2 (a) Raman spectra of graphene by annealing Cu/C alloys at

680-720 °C. (b) The Ip/Ig ratio of graphene by annealing Cu/C alloys at
680-720 °C. (c) The FWHM of 2D peak of graphene by annealing Cu/C
alloys at 680-720 °C.
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Fig. 3 (a) Raman spectrum of graphene by catalytic metal (Cu) engi-
neering and thermal processing at 700 °C. (b) 2D band can be split into
single Lorentzian curve (red curve). (c) Two-dimensional Raman
mapping of the graphene film. The gradient bar to the right of each
map represents the /I,p/lg band ratio.

with annealing temperature increases. When the annealing
temperature increases to 700 °C, the D peak is not distinct, and
when the annealing temperature increases to 720 °C, the D peak
is undetectable, indicating the synthesized graphene films is in
high quality comparable to that of CVD graphene grown at
1050 °C."* In addition, the 2D band is symmetric and its full
width at half maximum (FWHM) is down to ~35 cm™ " when the
temperature is 700 °C, which is in consistent with monolayer
graphene.” The FWHM of 2D peak can be further decreased by
rising the annealing temperature (Fig. 2c).

Fig. 3a depicts the representative Raman spectrum of the as-
deposited graphene by annealing Cu/C alloys at 700 °C. The
defect-related D band is negligible, implying that the graphene
film has few defects or disorder. Furthermore, as shown in
Fig. 3b, the symmetric 2D band with a FWHM of 35 cm™ ' can be
well fitted by a single Lorentzian curve providing evidence of
monolayer graphene.” To determine the quality, uniformity, and
thickness of the graphene films deposited on a large-scale
substrate, Raman mapping of the 2D to G peak intensity ratio
overa 10 pm x 10 um area with a spot size of 1 um and a step size
of 1 pm is performed, as shown in Fig. 3c. The L/ ratio is quite
uniform over the region investigated and the I,p/I; ratio is in the
range of 1.5-2, indicating complete monolayer graphene
coverage in the scanned area. Those measurements give evidence
of the high crystal quality in graphene samples and indicate the
graphene resultant temperature can be down to 700 °C by cata-
lytic metal (Cu) engineering and thermal processing.

3.3. Characterization analysis

The surface morphology of transferred graphene on a SiO,/Si
substrate has been investigated by AFM (Fig. 4a). The surface root-
mean-square (RMS) roughness is down to 0.4 nm, manifesting the
high uniformity and flatness of graphene deposited by catalytic
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Fig. 4 (a) The AFM image of transferred graphene on a SiO,/Si
substrate. (b) The HRTEM image of graphene shows its monolayer

property.
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Fig. 5 (a) The Ips—Vs curve of the graphene transistor at Vps =

100 mV. The inset shows the SEM image of a back-gated GFETs. (b)
The Ips—Vps curves of the graphene transistor with different V.

metal (Cu) engineering and thermal processing. The as-deposited
graphene film has also been transferred onto TEM grids by
a polymethyl methacrylate (PMMA)-assisted wet-transfer method
in order to directly evaluate the thickness of the graphene film as
shown in Fig. 4b. The cross-section microstructure of graphene
characterized by HRTEM shows its thickness is 0.3 nm, further
demonstrating the as-deposited graphene is monolayer.

To determine the transport properties of the synthesized gra-
phene film, the back-gated GFET has been fabricated on the SiO,
(300 nm)/Si substrates. The SEM image of GFET is shown in the
inset of Fig. 5a. The highly reproducible transfer characteristics
(Ips-Vg) of the GFET measured at room temperature under
ambient conditions is shown in Fig. 5a. The typical Ins-Vs curve
measured at a Vg of 100 mV shows that the gate can cause either
hole or electron conduction. The V-shaped ambipolar transfer
characteristic is typical of monolayer graphene with a zero
bandgap.*** The Dirac point of the GFET shifts slightly to a posi-
tive gate at Vg = 5 V, demonstrating slight p-type hole doping
performance. The slight p-type doping of graphene is due to the
charge transfer doping by the adsorption of atmospheric hole
dopants (e.g. O,) in air.***” In addition, the residue of PMMA may
also lead to p-type doping of graphene.*”*® According to the two
slopes of the linear regions on both sides of the V-shaped curve,
the hole mobility (uy,) is ~1200 cm® V' s and the electron
mobility (i) is ~1100 cm® V"~ " s, both of which are comparable
to values reported recently from transferred CVD graphene.**
The presence of defects, wrinkles, and overlaps generated from the
transfer process may degrade the performance of GFETs, thus
underestimating the carrier mobility of the synthesized graphene
film. In the output characteristics of the GFET, as shown in Fig. 5b,
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the linear Ips—Vps behavior indicates a good ohmic contact
between the Au/Ti contact and graphene channels. In addition, Ins
increases with Vg negative shift from 5 to —10 V and it is indicative
of p-type behavior as well. The electrical transport data also reveal
that the graphene deposited by catalytic metal (Cu) engineering
and thermal processing is of good quality which can be further
improved by refining the transfer process.

4. Conclusions

In summary, catalytic metal engineering by implanting C into
Cu and thermal processing were established to deposit gra-
phene at a low temperature down to 700 °C. Parametric studies
show that the superior quality and homogeneous monolayer
graphene in large scale can be directly achieved on the Cu/C
substrates. Raman, AFM and HRTEM are utilized to deter-
mine both the quality and thickness of the graphene film.
GFETs were designed and characterized to measure the elec-
trical properties of the synthesized graphene film. The obtained
graphene by catalytic metal engineering and thermal process-
ing is scalable and compatible with the mainstream micro-
electronics technology, thus paving the way to the application of
graphene in microelectronic field at a low temperature.
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