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structure and extraordinary physical

Layer-tunable graphene has attracted broad interest for its potentials in nano- properties.™ To realize the potential of

electronics applications. However, synthesis of layer-tunable graphene by graphene in nanoelectronic devices, a uni-
using traditional chemical vapor deposition method still remains a great chal- form graphene layer with a well-controlled
lenge due to the complex experimental parameters and the carbon precipita- layer number should be synthesized first

because most of the physicochemical
properties of graphene are sensitive to
its thickness. For example, monolayer

tion process. Herein, by performing ion implantation into a Ni/Cu bilayer
substrate, the number of graphene layers, especially single or double layer,

can be controlled precisely by adjusting the carbon ion implant fluence. The graphene has a zero band gap, whereas
growth mechanism of the layer-tunable graphene is revealed by monitoring Bernal-stacked (AB-stacked) bilayer gra-
the growth process, it is observed that the entire implanted carbon atoms can phene is of significant interest for gra-

phene-based field-effect transistors (FETS)
and tunable laser diodes,”! because of
the feasibility to continuously tune up its
band gap to 250 mV by applying a perpen-

be expelled toward the substrate surface and thus graphene with designed
layer number can be obtained. Such a growth mechanism is further con-
firmed by theoretical calculations. The proposed approach for the synthesis of

layer-tunable graphene offers more flexibility in the experimental conditions. dicular electric field. However, precise con-
Being a core technology in microelectronics processing, ion implantation can trol of the thickness of graphene remains
be readily implemented in production lines and is expected to expedite the a major challenge. For the carbon-soluble

materials (e.g., Ni,®! Co,”) Ru,l'% pd,
and Mol'?), the chemical vapor deposition
(CVD) synthesis of graphene proceeds
via surface segregation followed by pre-
1. Introduction cipitation. Since the precipitation process is nonequilibrium,

it is extremely challenging to tune the layer number of gra-
Graphene is a promising material in nanoelectronics and flex-  phene using carbon-soluble metals in theory, though several
ible electronic devices due to its unique 2D hexagonal lattice  approaches have attempted by reducing metal film thickness

application of graphene to nanoelectronics.
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or controlling the cooling rate. In contrast, for the carbon-
insoluble materials (e.g., Cu,l3! Pt Ag 1] 1118 and Gel'”)),
graphene growth by CVD proceeds through a surface mecha-
nism that is self-limiting, yielding film with essentially mon-
olayer of graphene, but incapable of producing the graphene
with multiple layers. Furthermore, by combining the virtues
of carbon-soluble and carbon-insoluble materials, Ni—Cu,!'81
Ni-Mo,?%) Co—Cu,?!l Ni-Aul??! binary alloys and Ni/Cu bilay-
ered substrate called smart Janus substrates have been reported
as excellent platforms to control the layer number of graphene
synthesized by CVD. However, even for the smart Janus sub-
strates, the ability of controlling the layer number of graphene
films is still limited, since both carbon absorption and carbon
precipitation processes are thermally driven and occur simulta-
neously,2*?°l and it is unable to achieve satisfactory decoupling
of them.

Other than the carbon absorption process of CVD growth,
the carbon introduction process by ion implantation is a non-
equilibrium process and not thermally driven, so it is well
decoupled from the final carbon precipitation process. Further-
more, as a mature technology in the microelectronic industry,
ion implantation has the preeminent advantage in the control
of the content of doping species, i.e., carbon atoms. Therefore,
in recent years, ion implantation method has been proposed
to control the layer number of graphene on single metal sub-
strate, such as Ni?*28 and Cu,?”! but the advantage seems not
prominent due to the limitation of the single metal substrate.
For example, the thickness of graphene on the Ni substrate is
nonuniform and the correlation between the carbon-implant
fluence and layer number of graphene is not strictly followed,
although the average graphene thickness is determined roughly
by the carbon ion fluence.? With respect to the Cu substrate,
the thickness of graphene does not vary and bilayer graphene
with good uniformity always form in spite of substantial varia-
tion in the carbon ion fluence.?’l However, to our best knowl-
edge, the use of dual metal substrate combined with ion
implantation for the synthesis of layer-tunable graphene has
never been explored.

Herein, by taking advantage of the dual metal substrate of
the Ni-coated Cu foils,?”! the precise control of layer number of
graphene by ion implantation has been demonstrated and the
layer number of graphene strictly corresponds to the implan-
tation fluence as expected. For instance, uniform monolayer
graphene can be produced using a fluence of 4 x 10! atoms
cm2, and a fluence of 8 X 10'> atoms cm™ produces a bilayer
graphene film. In addition, different from previous reports
where carbon atoms are precipitated through cooling, the pre-
cipitation of carbon in our work is achieved under steady tem-
perature, which is benefit to the defect healing of graphene and
leads to the formation of graphene layers with excellent crys-
talline and uniformity. The formation mechanism is explored
and confirmed by theoretical calculation. Superior to CVD
method, our approach is less sensitive to the processing condi-
tions, especially the thermal history, since the carbon content is
solely determined by the implantation fluence. Given that the
ion implantation is a mature technology in the current inte-
grated circuit manufacturing, we believe that graphene synthe-
sized by this strategy can expedite the industrial application of
graphene.
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2. Results and Discussions

Figure 1 illustrates the graphene synthesis process. The Ni/
Cu bilayer substrate, which is fabricated by the deposition of
300 nm Ni layer on top of Cu foil, is implanted at room tem-
perature with 60 keV carbon ions with the predetermined flu-
ence. According to the SRIM Monte Catlo code,B! the projected
range of the implanted ions in Ni is about 70 nm with a spread
of 41 nm. The fluence of implanted ions can be precisely con-
trolled by means of a Faraday cup, and the fluences of 4 x 10"
and 8 x 10" atoms cm™ are adopted to obtain uniform mon-
olayer and bilayer graphene films, respectively. The graphene
film with the desired layer number is achieved after the thermal
treatment of implanted Ni/Cu bilayer substrate, as described in
Figures S1-S4 (Supporting Information).

Figure 2 depicts the Raman spectra of the graphene films
fabricated on the Ni/Cu bilayer substrate showing three pri-
mary peaks, D band at =1350 cm™!, G band at =1580 cm™!, and
2D band at 2700 cm™. The relatively low intensity of the D
band suggests that the as-synthesized graphene film possesses
excellent crystalline quality comparable to that of the conven-
tional CVD graphene.B323% The number of layers is determined
by the intensity ratio of the 2D to G peak (I,p/Ig) and the full-
width at halfmaximum (FWHM) of the symmetric 2D band.
For a fluence of 4 x 10" atoms cm™?, the I,p/I ratio is larger
than 1.5, indicating that a monolayer graphene film is formed.
Similar to the reported single-layer graphene,?% the symmet-
rical 2D band with an FWHM of =30 cm™ can be fitted by a
single Lorentzian curve, as shown in the inset of Figure 2a. For
the sample synthesized with the fluence of 8 x 10'> atoms cm™,
the corresponding I,p/I; value decreases to about 0.5 and the
symmetrical 2D band with an FWHM of =45 cm™! can be fitted
by four Lorentzian curves, as shown in the inset of Figure 2d.
These features clearly indicate the formation of bilayer gra-
phene.’* The thickness of the graphene films is further corrob-
orated by UV-visible spectrophotometry, since the absorbance
of the single graphene layer is 2.3%.1**! From the comparison of
absorbance, it is shown that the absorbance of the bilayer gra-
phene is twice that of the monolayer graphene (Figure S5a,b,
Supporting Information). The thicknesses measurements by
atomic force microscopy (AFM) provide further evidence of
the monolayer and bilayer structures, as shown in Figure S5¢,d
(Supporting Information), respectively. Moreover, the synthesis
of trilayer graphene by carbon ion implantation (fluence of 1.2 x
10' atoms cm™) into the Ni/Cu bilayer substrate is also con-
ducted, and the formation of trilayer graphene is evident by the
symmetrical 2D band with an FWHM of =79 cm™!, which can
be fitted by six Lorentzian curves, as reported by Sun et al.>®
However, the thickness uniformity and crystalline quality still
need improvement by tuning the experimental conditions, as
shown in Figure S6 (Supporting Information).

In order to further investigate their microscopic structures,
the monolayer graphene and the bilayer graphene are charac-
terized by scanning tunneling microscopy (STM). Figure 2b,e
displays the microscopic structures of the synthesized mon-
olayer and bilayer graphene, respectively. As shown by the
magnified image in the inset of Figure 2b, a typical honeycomb
lattice structure is observed from the monolayer graphene.?”!
With regard to the bilayer graphene, the honeycomb lattice
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Figure 1. Schematic diagrams showing the synthesis process of monolayer and bilayer graphene by ion implantation. Carbon ions with the predesigned
fluence (the fluences of 4 x 10" and 8 x 10" atoms cm2 correspond to the amount of carbon atoms in a monolayer and a bilayer graphene film,
respectively) were implanted into the top Ni layer of the Ni/Cu bilayer substrate followed by annealing under H, and Ar gas flow. The thermal process
initiates interdiffusion of Cu atoms and Ni atoms to form the Cu like alloy. Carbon atoms are expelled from the Cu-like alloy toward the surface and

graphene with the expected layer number is formed on the surface.

transforms into a structure with a threefold symmetry, which
is a representative structure of the AB-stacked bilayer gra-
phene,*® as shown in the inset of Figure 2e. These two STM
images show few to no defects in a range greater than 100 nm?,
indicating the high crystalline quality of both the monolayer
and bilayer graphene. Raman mapping is conducted in a 12 x
12 pm? area with a spot size of 1 pm and step size of 1 um
to confirm the thickness uniformity of the graphene films. In
a typical monolayer graphene film (shown in Figure 2c), more

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

than 95% of the graphene area have I,p/I; ratios larger than
1.25. However, in Figure 2f, no monolayer Raman signature
(Ip/Ig > 1.25) is observed at any pixel on the map and =90%
of the film have an I,p/I; ratios of 0.3-0.6, suggesting the for-
mation of uniform bilayer graphene. Furthermore, the excellent
uniformity can be achieved from even larger area (Figure S7,
Supporting Information).

Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) patterns are powerful tools

Adv. Funct. Mater. 2015, 25, 3666-3675
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Figure 2. Characterization of monolayer and bilayer graphene synthesized by carbon ion implantation (fluences of 4 x 10'> and 8 x 10'> atoms cm?)
into the Ni/Cu bilayer substrate. a,d) Raman spectra of the monolayer and bilayer graphene, respectively, with the inset in each figure showing the
FWHM and Lorentzian fitting of the 2D band. b,e) STM topographical images of the monolayer and bilayer graphene, respectively; the inset in each
figure corresponds to the selected region with a higher magnification. ¢,f) I,p/Ig peak ratio derived from Raman mapping conducted on the monolayer

and bilayer graphene, respectively.

to impart the crystallographic information of graphene film
including thickness, domain size, and stacking order.*® Plan-
view TEM images shown in Figure 3al,bl indicate that both
monolayer and bilayer graphene films are continuous over a
large area. High-resolution TEM (Figure 3a3,b3) obtained from
the crack edges of the monolayer and bilayer graphene films
(Figure 3a2,b2) exhibit the single layer and bilayer character-
istics, respectively. The SAED pattern (Figure 3a4) exhibits
only one set of hexagonal diffraction pattern, and the band
intensity ratio (outermost to innermost) of =1:2 (Figure 3a5)
suggests the formation of single-layer graphene. The hex-
agonal diffraction pattern is also observed as the implanta-
tion fluence increases from 4 x 10'° to 8 x 10 atoms cm™2,
however, the band intensity ratio changes to =2:1 (Figure 3b5)
indicates the formation of AB-stacked bilayer graphene, as
reported by others.?1253236.3 To investigate the spatial crys-
tallographic orientation of graphene, extensive SAED patterns
(Figure S8a,b, Supporting Information) were collected at the
different locations, as summarized in Figure 3al,bl as well.
For the single layer graphene, most of the measured area
shares a preferential crystal orientation within a +3° range,
indicating the presence of graphene domain with considerable
size.l"% However, the crystalline quality for bilayer graphene
degrades a little bit, as evidenced by the presence of orienta-
tion other than the preferential crystal orientation. Further-
more, non-AB-stacked bilayer graphene domain is occasionally
observed, as suggested by the existence of two sets of hexag-
onal diffraction patterns.

Adv. Funct. Mater. 2015, 25, 3666-3675
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In order to fathom the formation process of uniform mon-
olayer and bilayer graphene on the Ni/Cu bilayer substrate by
carbon ion implantation, multifaceted characterization of the
samples is performed at different stages. To monitor the status
in each stage, secondary ion mass spectrometry (SIMS) is used
to determine the Ni, Cu, and carbon depth profiles in the Ni/
Cu bilayer substrate and X-ray photoelectron spectroscopy
(XPS) analysis is performed to measure the surface chemical
composition and chemical states (Table S1, Supporting Infor-
mation), as shown in Figure 4. After carbon ion implantation
into the top Ni layer of the Ni/Cu bilayer substrate at room
temperature, the implanted carbon ion, which acts as a carbon
reservoir for subsequent synthesis of graphene, shows a Gauss-
ian-like distribution in the top Ni layer, as shown in Figure 4al
[Note that the carbon concentration is plotted on a linear scale
(left vertical axis) whereas the Ni and Cu contents are on a loga-
rithmic scale (right vertical axis)]. Since the implantation energy
can be tailored to ensure that the implanted ions come to rest
in the top Ni layer, the abrupt interface between Ni and Cu is
not perturbed and the heterostructured Ni/Cu bilayer substrate
is intact after carbon ion implantation, as schematically illus-
trated in the inset of Figure 4al. It should be noted that carbon
ion implantation is a nonequilibrium process and the amount
of carbon atoms introduced by ion implantation can be easily
tuned by the implantation fluence thus providing a flexible
parameter to tune the thickness of graphene. This is quite dif-
ferent from the conventional CVD approach. The XPS results
shown in Figure 4b1 indicate that only Ni signal is found near
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Figure 3. Montage of TEM, HRTEM, and SAED pattern showing the crystallographic information of monolayer and bilayer graphene films including
thickness, domain size, and stacking order. al,bT1) Plan view TEM images showing the continuity of the monolayer and bilayer graphene films over a
large area, respectively. The numbered white circles indicate different locations where SAED patterns are obtained. Arrows in different colors represent
the orientation of the graphene grains in the selected locations normalized with respect to that at location 1. a2,b2) TEM image of monolayer and bilayer
graphene cracks on the grids, respectively. a3,b3) HRTEM image of monolayer and bilayer graphene, respectively. a4,b4) SAED patterns of monolayer
and bilayer graphene, respectively. a5,b5) Profiles of diffraction spot intensities along box in (a4) and (b4), respectively.

the surface in addition to natural carbon and oxygen surface
contamination. Deconvolution of the high-resolution C-1s
spectra (inset, Figure 4b1) shows a main carbon sp*-hybridi-
zation peak located at 285.1 eV and a minor sp*-hybridization
peak at 284.6 eV. These results confirm the presence of natural
carbon contamination.*!]

After annealing at 950 °C for 3 min, interdiffusion near the
interface of Ni/Cu bilayer substrate commences and the thick-
ness of the (pure) Ni film on the top layer decreases due to
out-diffusion of Cu, as shown in Figure 4a2. As a consequence
of carbon atoms diffusion, the implanted carbon atoms tend
to become more uniformly distributed (Figure 4a2) in the Ni
layer. Redistribution of carbon is a result of the enhanced dif-
fusivity of carbon in Cu/Ni at elevated temperature and will
be discussed in more details later. The XPS data in Figure 4b2
indicates no noticeable change in the surface chemical compo-
sition with the exception of a small increase in the intensity of
the C1s peak and sp? component of the C—C bonds. Therefore,
this stage is characterized by Ni/Cu interdiffusion and carbon
redistribution, as shown in the inset of Figure 4a2.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Further annealing for three more minutes (6 min total),
Ni/Cu interdiffusion becomes more apparent. The top Ni
layer is gradually transformed into the Cu-Ni alloy with a
small fraction of the Cu component, as shown in Figure 4a3.
Formation of Cu-—Ni alloy is also confirmed by Cu showing
up near the surface (Figure 4b3). It is well known that Ni
has a moderate carbon solubility of 0.4-2.7 at% between
700 and 1300 °C, whereas the solubility of carbon in Cu
is extremely low (<0.004 at%) at 1000 °C.*?l Therefore, the
carbon solubility in the newly formed alloy may decrease
substantially as interdiffusion of Ni and Cu proceeds to
form the Cu-Ni alloy. In this stage, the carbon atoms are
mainly homogeneously distributed in the newly formed
Cu-Ni alloy, as shown in Figure 4a3, but the total amount
of carbon atoms is reduced compared to the as-implanted
sample. Owing to the reduced solubility of carbon in the
newly formed Cu-Ni alloy, the implanted carbon ions are
gradually expelled to the surface and transformed into gra-
phene, as evidenced by the dominant sp? component in the
inset of Figure 4b3.

Adv. Funct. Mater. 2015, 25, 3666-3675
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Figure 4. SIMS depth profiles of Cu, Ni, and C in C-implanted Ni/Cu bilayer substrate after annealing for: al) 0 min; a2) 3 min; a3) 6 min; and a4)
10 min. The inset in each figure shows a schematic illustration of the formation process of graphene by carbon ion implantation into the Ni/Cu bilayer
substrate. XPS analysis of the surface chemical composition of C-implanted Ni/Cu bilayer substrate after annealing for: b1) 0 min; b2) 3 min; b3)
6 min; and b4) 10 min. Each inset depicts the chemical states of the C-C bonds. Here, A,,, [ A,,; stands for the area ratio between the sp>-hybridized

C—C bonds and the sp*-hybridized C—C bonds.

Since the Cu substrate can be considered infinitely thick rela-
tive to the top Ni layer, as Ni/Cu interdiffusion proceeds, the
thin Ni film will be diluted by Cu and eventually, the top Ni
layer morphs completely into the Cu-like alloy (Figure 4a4). The
concentration of Ni is well below the detection limit of XPS, as
shown in Figure 4b4. As the solubility of carbon in the formed
Cu-like alloy is extremely low, all the implanted carbon ions are
expelled to the surface (assisted by the enhanced carbon dif-
fusivity) to form graphene, as depicted in Figure 4a4. In addi-
tion to the disappearance of the Ni signal, the XPS peaks cor-

Adv. Funct. Mater. 2015, 25, 3666-3675
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responding to both Cls and Cu2p? are significantly enhanced at
the surface. The high-resolution Cls signal (inset of Figure 4b4)
shows that the peak consists of predominantly sp? hybridization,
indicating that the formation of sp? network, i.e., graphene, on
the surface.

Based on the above analysis, it can be concluded that the for-
mation of graphene is attributed to the rejection of implanted
carbon atoms driven by Cu—Ni alloying during annealing. To fur-
ther confirm the mechanism, first-principles calculation is per-
formed to evaluate the stability of carbon in the Cu—Ni alloy with
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Figure 5. Theoretical calculations on stability and diffusion of C dissolved in Cu—Ni alloy. a) Proposed model for the formation energy of carbon atom in
Cu-Ni alloys with different Cu concentrations. b) Formation energy (E;) profile of carbon atom dissolved in Cu—Ni alloys with different Cu component.
The formation energy of carbon atom increases from 0.73 to 2.88 eV with increasing Cu content in the Cu—Ni alloy from 0.0 (pure Ni) to 1.0 (pure Cu).
c) Mean squared displacement of carbon atoms in Cu (red), Cu-rich Cu-Ni alloy (Nig10Cuq.g0) (green), Ni-rich Cu—Ni alloy (NiggoCug0) (blue), and Ni

(black). (The solid lines are guides to the eye.)

different Cu/Ni ratios using formation energy as a measure. The
formation energy (Ef) of carbon in the substrate is defined as

E¢ = Ecys — Es — Ecac (1)

where Ec,g is the energy of the metal substrate with dissolved
carbon atoms, Ej is the energy of the substrate without carbon
atoms, and Ecgg is the energy of a carbon atom in graphene.
All the quantities are properly normalized with respect to the
number of atoms in the systems.

Seven substrates with different Cu concentrations of 0%,
17%, 33%, 50%, 67%, 83%, and 100% are explored and the pro-
posed model is shown in Figure 5a. With increasing Cu con-
tent, the carbon formation energy E; increases monotonically
(Figure 5b). For example, the formation energy of carbon in
bulk Ni is about 0.73 eV, whereas that in bulk Cu is 2.88 eV. As
Cu atoms diffuse into the Ni film to form the Cu-rich alloy, the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

formation energy E of the implanted carbon atoms increases
rapidly. Therefore, it is thermodynamically more favorable for
these carbon atoms to move from the Cu-rich part to the Ni-rich
part and finally precipitate on the surface to form graphene.
Precipitation of carbon is only possible if the process is
kinetically feasible. To illustrate that the diffusivity of carbon
is indeed greatly enhanced in Cu/Ni, first-principles molecular
dynamics (MD) simulation is conducted. Diffusion of carbon
atoms in four representative systems is performed, namely,
bulk Ni, bulk Cu, Nij¢oCuyg 19 alloy, and Nij;4Cuq o alloy at an
elevated temperature of 1000 K. Figure 5c shows the mean-
squared displacement (MSD) of carbon atoms in these systems.
Although carbon atoms essentially do not diffuse away from
their local equilibrium positions in bulk Ni, the diffusivity is
enhanced in the Nijg,Cug;o alloy and carbon atoms in both
the bulk Cu and Niy;0Cuyggo alloy are highly diffusive in this
temperature range. These results further confirm that carbon

Adv. Funct. Mater. 2015, 25, 3666-3675
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Figure 6. Electrical properties of the monolayer and bilayer graphene. a) Schematic diagram and a SEM image of the fabricated GFET device. b) Transfer
(Ips - V) (left panel) and output (Ips - Vps) (right panel) characteristics of the monolayer graphene synthesized by carbon ion implantation with a flu-
ence of 4 x 10" atoms cm™2. The inset in left panel shows histogram of the field effect mobility distribution for total 28 devices. c) Transfer (Ips - V)
(left) and output (Ips - Vps) (right) characteristics of the bilayer graphene synthesized by carbon ion implantation with a fluence of 8 x 10'5 atoms cm=.
The inset in left panel shows histogram of the field effect mobility distribution for total 28 devices.

atoms become increasingly mobile as Ni/Cu interdiffusion pro-
ceeds. Ultimately, the carbon atoms precipitate on the substrate
surface to form graphene. Formation of graphene assisted by
the well-known catalytic effects of the substrate is ultimately
determined by thermodynamics as discussed previously.
Unlike the conventional CVD technique to prepare graphene
on Ni-Cu, Ni-Mo, or Ni-Au alloy,"*?2] in which the dissolved
carbon content is quite sensitive to the thermodynamic process
of atomic mixing, in the present approach, all carbon atoms
evolving to the final graphene films are precisely controlled
by the implantation process in advance. The initial “C-doping”
process is decoupled entirely from the complex interdiffu-
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sion and precipitation processes. Furthermore, since the final
stage of the substrate (on which graphene is formed) is Cu-like
(Figure 4a4) and the Ni concentration is negligible, the produc-
tion of graphene is not affected by the cooling rate (Figure S2,
Supporting Information). Therefore, this novel approach is less
sensitive to processing conditions such as thermal treatment
which would otherwise affect the number of layers of graphene
as in other synthesis techniques.

The electrical properties are evaluated using the back-gated
graphene field effect transistors (GFETS) prepared by transfer-
ring the graphene films onto a 300 nm thick SiO,/Si substrate.
Figure 6a shows the schematic diagram and a scanning electron

wileyonlinelibrary.com

3673

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

3674 wileyonlinelibrary.com

<
m

ww.afm-journal.de

microscope (SEM) image of the fabricated GFETs. Highly repro-
ducible transport characteristics (Ipg —Vg) are obtained from
both GFETs at room temperature under ambient conditions.
The typical Ips —Vg curve acquired at a Vpg of 100 mV shows
that both hole and electron conduction can be achieved through
gating. With regard to the monolayer graphene, the Dirac
point of the GFETS locates at a positive gate voltage of Vg =7 V
(Figure 6b), indicating that the graphene is slightly p-doped.
Histogram of the field effect mobility distribution for total 28
devices demonstrates that the monolayer graphene exhibits
excellent carrier mobilities in the range of 2500-4000 cm? V!
s7! for holes and 1000-3500 cm? V7! s7! for electrons, which
are comparable to the carrier mobilities reported for monolayer
graphene synthesized on metal by CVD.[¥# For the bilayer
graphene, the Dirac point of the GFETs shifts slightly to a posi-
tive gate of Vi =6 V (Figure 6¢). Histogram of the field effect
mobility distribution for total 28 devices demonstrates that the
bilayer graphene exhibits excellent carrier mobilities in the range
of 2000-3500 cm? V! 571 for holes and 1500-3000 cm? V! 57!
for electrons. The output characteristics of the GFETs are shown
in the right panels of Figure 6b,c. The linear Ipg —Vpg behavior
indicates a good ohmic contact between the Ti/Au contact and
graphene channels. In addition, Ipg increases with decreasing
Vi, suggesting a p-type behavior in the monolayer and bilayer
graphene structures. The electrical transport measurements
demonstrate that high-quality graphene has been synthesized.

3. Conclusions

In summary, carbon ions are implanted into the Ni/Cu bilayer
substrate. Precise control of the carbon content and isothermal
precipitation of carbon atoms from the substrate produce gra-
phene layers with the predetermined layer number. Since
carbon ion implantation is not thermally driven and completely
decoupled from Ni/Cu interdiffusion and carbon precipitation,
this technique offers precise control and high flexibility with
regard to the choice of the experimental conditions such as
annealing parameters. Being compatible with large-scale micro-
electronics processing, this approach is expected to expedite the
application of high-quality graphene to graphene-based nano-
electronic devices.

4. Experimental Section

Graphene Synthesis: The Ni/Cu bilayer substrates were synthesized by
depositing a 300 nm thick Ni layer on a high-purity Cu foil (25 pm, Alfa
Aesar, Item No. 46365) using an electron beam evaporator. They were
implanted with 60 keV carbon ions at fluences of 4 x 10'> and 8 x 10'°
atoms cm™2 corresponding to the fabrication of monolayer and bilayer
graphene films, respectively. The implanted samples were cleaned by
acetone, isopropyl alcohol, and deionized water several times to reduce
external carbon pollution. Then implanted samples were annealed at
950 °C in Ar and H, (200:1 sccm gas flow rate). After annealing, the
furnace was cooled to room temperature at the same gas flow rate.
The optimal thermal procedures are summarized in Figures S1-S4
(Supporting Information).

Graphene Transfer: After synthesis, the graphene films were transferred
by a polymethyl methacrylate (PMMA) -assisted wet-transfer method.
The graphene/PMMA film was transferred to water after etching of the
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Cu—Ni alloy. After removing the PMMA film in acetone, the graphene
film was transferred to an oxidized silicon substrate or quartz slides for
analysis and characterization. Further experimental details are described
in the Supporting Information.

Characterization: Raman scattering (HORIBA Jobin Yvon HR800)
was carried out to determine the thickness, quality, and uniformity of the
graphene films at room temperature. The Raman spectra were obtained
using an Ar* laser with a wavelength of 514 nm and a spot size of 1 ym.
The spectra were recorded with 600 lines mm™' gratings. Crystallographic
information and the number of graphene layers were determined by TEM
(FET-Tecnai G2F20 S-7WIN). AFM (Multimode 8) was utilized to determine
the uniformity and thickness of the graphene films and STM (Multimode 8)
was used to assess the microscopic structure of the graphene films under
ambient conditions. After transferring the graphene films onto quartz slides,
the optical transmittance spectra were collected on a UV solution u-4100
spectrophotometer. The transmittance properties were determined at a
wavelength of 550 nm. The structure of back-gated GFETs was examined
by SEM (HITAGHT S-3400N) and XPS (PHI 5802, Physical Electronics Inc.,
Eden Prairie, MN) was utilized to determine the chemical composition of
the sample surface at each stage of the graphene synthesis process. SIMS
(Cameca IMS-4F, Paris, France) was performed to obtain the elemental
depth profiles using a 7.5 keV Cs* beam oriented 70.2° from the sample
normal and the detector was positioned 140.4° from the incident beam.
The electrical measurements were performed under ambient conditions
using an Agilent (B1500A) semiconductor parameter analyzer.

Computational Methods and Models: For the static structure
optimization and formation energy calculation, first-principles
calculation was performed by the density functional theory (DFT)
using the Vienna ab initio simulation package (VASP).[48l The
electronic exchange and correlation were described by the Perdew—
Burke—Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA).1*7l The spin-polarized projector-augmented wave
(PAW) method was used to describe the electronic interaction and the
plane-wave kinetic energy cutoff was set as 400 eV. Concerning the
static structure optimization and formation energy calculation, the Cu
(100) and Ni (100) surfaces are modeled by seven-layer metal slabs
with the bottom layer fixed to mimic the half-infinite catalyst structure.
The Cu-Ni alloy structures were generated by random substitution of
atoms in the host structures. The periodic boundary conditions (PBC)
were applied along all three Cartesian directions. A vacuum space larger
than 10 A was applied between neighboring periodic images to avoid
the interaction of the adjacent unit cell. The slab model was composed
of 4 x 4 repeating unit cells of Cu (100) and the 2 X 2 x 1 k-point mesh
was used in the calculation. All the structures were optimized until the
maximum force component on each atom was less than 0.02 eV A", In
the MD simulation of diffusion of carbon atoms, the Quantum Espresso
packagel*® was used. The structure models were similar to those
described above. The carbon atoms were placed randomly at interstitial
positions of the host structures. The structures were then relaxed before
MD simulation was carried out at a constant temperature of 1000 K. A
small MD time step of 1.2 fs was used to ensure the accuracy of the
dynamics. The MSD of carbon atoms is defined as

N
1 - ~
MSD(t) = = .17 () 7(0) I @
i=1
where N, is the number of carbon atoms in the model structure and
r:(t) is the position of ith carbon atom at time t. The MSD is related

to the diffusion coefficient D through the Einstein relationship:
MSD(#) = 6Dt + C.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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