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Layer-Controlled and Wafer-Scale Synthesis of Uniform 
and High-Quality Graphene Films on a Polycrystalline 
Nickel Catalyst
 Chemical vapor deposition (CVD) provides a synthesis route for large-area 
and high-quality graphene fi lms. However, layer-controlled synthesis remains 
a great challenge on polycrystalline metallic fi lms. Here, a facile and viable 
synthesis of layer-controlled and high-quality graphene fi lms on wafer-scale 
Ni surface by the sequentially separated steps of gas carburization, hydrogen 
exposure, and segregation is developed. The layer numbers of graphene 
fi lms with large domain sizes are controlled precisely at ambient pressure by 
modulating the simplifi ed CVD process conditions and hydrogen exposure. 
The hydrogen exposure assisted with a Ni catalyst plays a critical role in 
promoting the preferential segregation through removing the carbon layers 
on the Ni surface and reducing carbon content in the Ni. Excellent electrical 
and transparent conductive performance, with a room-temperature mobility 
of  ≈ 3000 cm 2  V  − 1  s  − 1  and a sheet resistance as low as  ≈ 100  Ω  per square at 
 ≈ 90% transmittance, of the twisted few-layer grapheme fi lms grown on the 
Ni catalyst is demonstrated. 
  1. Introduction 

 Graphene, a two-dimensional monolayer consists of a hex-
agonal crystal structure of sp 2 -bonded carbon atoms, has been 
attracting intense interests due to its unique structure and 
exceptional physical properties. [  1–4  ]  Recently emerging chemical 
vapor deposition (CVD) technique using Cu or Ni as catalysts 
exhibits great advantages in large-area synthesis of near-perfect 
graphene. [  5–9  ]  The layer-controlled surface growth of large-area 
graphene fi lms has been actively pursued for their distinct 
properties and diverse applications, as well as compatibility 
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with manufacture technologies. [  10–12  ]  
The large-area fi lm, [  5  ]  the excellent trans-
parent conductor [  6  ]  and the large domain 
sizes [  13  ,  14  ]  of uniform graphene have been 
demonstrated on Cu foil at low pressure. 
However, layer-controlled graphene fi lms 
with high uniformity are to be further 
investigated owing to its surface self-
limited nature on Cu foils in the growth 
process, [  15  ,  16  ]  although the self-limited 
growth has been broken by using liquid 
carbon precursor. [  17  ,  18  ]  Compared with Cu, 
despite thin Ni fi lm used, the produced 
graphene fi lms are random distribution 
with the non-uniform thickness from one 
to a few tens of layers due to the larger 
carbon solubility in Ni. [  15  ,  19  ]  

 For conventional CVD graphene fi lms 
(CVDG) on Ni surface, the process gener-
ally involves the dissociation of the hydro-
carbon, the dissolution and diffusion of 
carbon in Ni and the formation of graphene. The formation 
of graphene fi lms probably contains the several dynamic proc-
esses: metal-induced crystallization at high temperature, [  20  ,  21  ]  
segregation at the interface and precipitation at grain bounda-
ries during cooling. [  15  ]  Intertwinement of these complicated 
processes, especially the precipitation at grain boundaries, will 
result in the non-uniformity and the uncontrollable layers of 
graphene fi lms. Aiming at these problems, the pioneer segre-
gation growth of graphene has been employed on Ni foils. [  22  ]  
Additionally, the uniformity and quality of graphene has sub-
sequently been improved by a sole segregation under vacuum 
annealing using the carbon-containing metal catalyst fi lms. [  23  ]  
However, the layer-controlled synthesis of large-area and high-
quality graphene fi lms on polycrystalline Ni catalyst has not 
been solved by previously reported segregation methods. 

 Here, we develop a remarkable synthesis technique to 
achieve layer-controlled and high-quality graphene fi lms on 
wafer-scale Ni fi lms at ambient pressure by creating a hydrogen 
(H 2 ) exposure process. The schematic diagrams illustrate the 
synthesis processes of the segregated graphene fi lms involving 
gas carburization, H 2  exposure and segregation (CVDSG) 
( Figure   1 ; also see Figure S1, Table S1, and the details in Sup-
porting Information). H 2  exposure assisted by Ni fi lm at high 
temperature plays critical roles not only in the removal of the 
3153wileyonlinelibrary.com
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     Figure  1 .     Schematic diagrams of synthesis processes of CVDSG fi lms. First, 
the Ni/SiO 2 /Si substrates are annealed in the tube furnace under ambient 
pressure by fl owing H 2  and Ar. Then, the gas carburization is performed by 
CVD using CH 4  as carbon source. Subsequently, the sole H 2  exposure is 
applied after stopping carbon supply. Finally, the isolated segregation pro-
duces highly uniform graphene fi lms on Ni surface by rapid air cooling.  

     Figure  2 .     Comparison of uniformity between conventional CVD-graphene (CVDG
CVDSG (d–f) on Ni fi lm substrates with different thicknesses. The apparent no
multilayers are observed by the changes of color contrast (a–c). In contrast, the o
that the CVDSG fi lms are relatively uniform (d–f). g) Optical images of the same
(g) shows corresponding high-magnifi cation optical image. h,i)  I  2D / I  G  (h) and  W
carbon layers formed in the initial CVD carburization process 
but also in the effective reduction of the carbon mount in Ni for 
promoting the sequential segregation process. The number of 
layers is precisely controlled by changing Ni fi lm thickness, gas 
carburization amount and H 2  exposure dose. We demonstrate 
the outstanding electrical and transparent conductive perform-
ance of the few-layer graphene fi lms.

     2. Results and Discussion 

 The optical image comparisons indicate that the CVDSG fi lms 
are considerably uniform as compared to the CVDG fi lms 
( Figure   2 a–f and Figure S2, Supporting Information). For 
CVDG on Ni fi lms (Figure  2 a–c and Figure S2a–c, Supporting 
Information), the obvious non-uniformity of the CVDG fi lms 
with random thicker graphene multilayers (dark regions) are 
mbH & Co. KGaA, Weinheim

) and segregated-graphene (CVDSG). a–f) Optical images of CVDG (a–c) and 
n-uniformity of the CVDG fi lms and the random distribution of thick graphene 
ptical contrast variations of the CVDSG samples are negligible, which indicates 
 CVDSG fi lm in (d) transferred onto SiO 2  (300 nm)/Si substrates. The inset in 
  2D  (i) Raman mapping of CVDSG fi lms (1–2 layers) on an area of 44  ×  70  μ m 2 .  

Adv. Funct. Mater. 2012, 22, 3153–3159



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
observed according to the changes of color contrast. In contrast, 
the optical contrast variations of the images from the CVDSG 
samples (Figure  2 d–f and Figure S2d–f, Supporting Informa-
tion) are negligible, in addition to the grain boundaries of the 
Ni fi lm over the entire surface, which indicates that the CVDSG 
fi lms are of uniform thickness. The optical images of the same 
CVDSG fi lm in Figure  2 d transferred to SiO 2 /Si substrates fur-
ther confi rm the uniformity. The highly uniform graphene fi lms 
can be formed even on the thicker Ni fi lms, i.e., 650-nm-thick 
and 1- μ m-thick Ni fi lms (Figure  2 f and Figure S2e,f, Supporting 
Information), suggesting the suppression of the precipitation of 
carbon. The 2D to G peak ratio ( I  2D / I  G ) and 2D-band full-width 
© 2012 WILEY-VCH Verlag Gm

     Figure  3 .     Various spectroscopic and HRTEM characterizations of the CVDSG
etching the Ni fi lm with a mild FeCl 3  aqueous solution (1 mol/l) and is tran
tance of CVDSG fi lms obtained from Ni fi lms with various thicknesses. The
up to  ∼ 96.4% transmittance at 550 nm. c) Optical transmittance of CVDSG
recipes for samples A, B, and C. d) Raman spectra of CVDSG fi lms. For the
single Lorentzian feature with a small W 2D  of  ∼ 23.5 cm  − 1  and a high  I  2D / I  G  
e–i) HRTEM images of CVDSG and their corresponding SAED (insets in (
where   θ   is rotation angles in  k - space. If   α    > 30 ° , the twist angle in real spac
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at half-maximum (FWHM,  W  2D ) Raman mapping of monolayer/
bilayer CVDSG (44  ×  70  μ m 2 ) are shown in Figure  2 h,i. The 
determination of graphene layer number is based on the  I  2D / I  G  
values combining with the  W  2D  (see the details in Supporting 
Information). The coverage of  ∼ 90% monolayer with  ∼ 6% bilayer 
CVDSG is obtained in the measured regions, which is compa-
rable to that of CVD-grown monolayer graphene on Cu foils. [  5  ]  
High uniformity of the CVDSG fi lms is further confi rmed by 
the stochastic observations of high-resolution transmission elec-
tron microscopy (HRTEM) (Figure S3, Supporting Information). 
Furthermore, the wafer-scale CVDSG fi lms are successfully syn-
thesized and transferred ( Figure   3 a and the insets in Figure  3 a).
3155wileyonlinelibrary.combH & Co. KGaA, Weinheim

. a) 2-inch graphene fi lm (left inset) is released in the deionized water after 
sferred onto the PET fl exible substrates (right inset). b) Optical transmit-
 inset shows the photographs of CVDSG fi lms on glass slide with  ∼ 90.0% 
 fi lms derived from 270-nm-thick Ni fi lm. See Experimental Section for the 
 sample with  ∼ 96.4% transmittance, its symmetric 2D-band peak shows a 
ratio (5.88), which is consistent with hallmarks of a single-layer graphene. 
e–g)). In real space, the twist angle   α   can be calculated by   α    =  60º – 2  θ  , 
e should be 60 °  –   α  .  
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    The precise control over the number has been achieved by 
modulating the Ni fi lm thickness, CVD carburization para-
meters (temperature, gases fl ow, and time), and the H 2  expo-
sure dose. The thickness control of the uniform CVDSG fi lms 
is determined by HRTEM and ultraviolet-visible (UV-Vis) spec-
trum according to the absorbance of  ∼ 2.3% each layer. [  24  ]  We 
found that the Ni fi lm thickness is a major factor for large-
range control over the layer number of CVDSG fi lms ranging 
from 1 to 10 layers (L) (Figure  3 b). We also fabricate the CVDSG 
fi lms with different layer numbers on 270-nm-thick Ni fi lms by 
changing growth recipe such as carburization time, H 2  expo-
sure time and fl ow rate (sample A–C in Figure  3 c). Moreover, 
we can obtain a single-layer CVDSG by employing the 270-nm-
thick Ni combining with the tune of the synthesis recipe (see 
 Figure  3b,c and Table S1, Supporting Information). Obviously, 
when the Ni thickness is less than  ∼ 300 nm, the segrega-
tion growth parameters can effectively tune the CVDSG layer 
number ranging from 1 to 4 L (Figure  3 c). The HRTEM images 
of the fabricated CVDSG show single-layer, few-layer and multi-
layer graphene, respectively (Figure  3 e–i), which are consistent 
with that calculated from their optical transmittance. The 3–4 L 
CVDSG fi lms without multiple transfers show the high per-
formance of the transparent conductor, the sheet resistance of 
as low as  ∼ 100  Ω  per square measured by a four point method 
at  ∼ 90% transmittance at 550 nm (Figure  3 c), which is compa-
rable to commercial indium tin oxides transparent electrodes. 

 Micro-Raman spectra are employed to characterize the layer 
numbers, the quality and the stacking arrangements of CVDSG 
fi lms (Figure  3 d and Figure S4, Supporting Information). The 
D peaks at  ∼ 1350 cm  − 1  are small or negligible even for our 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  4 .     H 2  etching effect and CVDSG growth mechanism. a–c) Optical im
stage) of 7, 10, and 12 min, respectively. d) Raman spectra obtained from 
layers can survive in partial region (dark region) on the 2-inch Ni surface. 
The dark region shows a typical optical morphology with non-uniformity. g,
B-blue and C-red) and the other region similar to CVDSG (marked location
thicker CVDSG fi lms, suggesting the sparsity of disorders such 
as defects and grain boundaries. [  25  ,  26  ]  Both single and few-layer 
graphene (2–3 L) show single Lorentzian lineshapes of 2D-band 
with the low  W  2D  value, indicating that 2–3 L graphene exhibits 
a disordered AB stacking between layers without electronic 
coupling. [  27  ]  The twisted layers in our 2–3 L CVDSG fi lm are 
also verifi ed by selected area electron diffraction pattern (SAED) 
(see the insets in Figure  3 f,g). Two kinds of twist angle of 19.6 °  
and 22.4 °  in real space have been found in a 3 L CVDSG fi lm. 
The results imply that our 2–3 L CVDSG exist the electronic 
properties similar to monolayer graphene due to the decoupling 
of layers with the large twist angle. [  28  ]  

 In order to elucidate the roles of in situ H 2  exposure in 
synthesis process, we carried out experiments of gradu-
ally extending the H 2  exposure time before the segregation 
stage. The thickness of the prepared CVDSG fi lms is reduced 
and eventually the graphene fi lms disappear on the surface 
( Figure   4 a–c), as determined by the Raman spectra (Figure  4 d). 
The etching role of H 2  with the assistant of Ni catalytic fi lm 
at high temperature has been further approved by ex situ H 2  
exposure on as-grown CVDG fi lms (Figure S5, Supporting 
Information). For further understanding H 2  etching and 
CVDSG growth process, we overly increase the amount of 
carburizing and purposely reduce the dose of H 2  exposure, 
and the thicker and uneven carbon layers can survive in par-
tial region (Figure  4 e,f). The large fl uctuation of layer number 
ranging from 2 to more than ten layers appears in the thicker 
layer region (Figure  4 g), while relatively uniform and 2–3 L 
graphene layers (Figure  4 h) occur in the other region similar 
to CVDSG. The observation suggests the synergistic etching 
mbH & Co. KGaA, Weinheim

ages of graphene on Ni fi lms with in situ H 2  exposure (before segregation 
CVDSG with various H 2  exposure time. e) The thicker and uneven carbon 
f) A magnifi ed optical image of the location identifi ed by the arrow in (e). 
h) Raman spectra from the thicker layer region (indicated spots: A-orange, 
s: D-orange, E-blue and F-red) shown in (f), respectively.  
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effect of H 2  and Ni fi lm may start from the regions with the 
thinner carbon layers or some defects in the grain boundaries 
(also see the details of Figure S5, Supporting Information). The 
CVDG-like thick carbon layers are remained due to the incom-
plete etching, indicating that the original carbon layers can be 
formed during the CVD carburization process. The thicker and 
non-uniform carbon layers are a combination of the original 
carbon layers interacting with subsequent segregation or pre-
cipitation. Therefore, it is concluded that the original crystalline 
graphene fi lms on the Ni surface grown by the carburization 
process can be dissolved and removed by the synergistic effect 
of H 2  and Ni fi lm. Moreover, in the dynamic diffusion process, 
the amount of carbon in the bulk Ni fi lm also can be reduced 
by the H 2  etching of carbon atoms diffusing outward the Ni 
surface from the bulk Ni. This leads to the layer controls or the 
absence of the CVDSG fi lms in our experiments. According to 
the temperature-solubility kinetic process, the segregation is 
more apt to take place with a lower carbon amount and at a 
higher temperature than is the precipitation. [  29  ,  30  ]  The reduced 
amount of carbon along with high temperature strongly sup-
presses the precipitation of carbon at grain boundaries.

   We also investigate the effect of ex situ H 2  exposure on as-
grown CVDSG fi lms ( Figure   5 ) and segregation temperatures 
in growth process (Figure S6, Supporting Information). Firstly, 
the uniform few-layer CVDSG fi lm is fabricated on Ni (300 nm) 
surface by our segregation process (see Figure  5 a). Subse-
quently, the sample is inserted again to the furnace and exposed 
to H 2  (400 sccm) for 5 s at 900  ° C (Figure 5b,c). The narrow dark 
regions (see Figure  5 b,c) represent the bare Ni substrate, indi-
cating that the CVDSG fi lm in these regions is etched by H 2 . 
Interestingly, the comparison results of the ex situ H 2  etching 
are remarkably different between CVDSG fi lm and CVDG fi lm 
(Figure 5 and Figure S5, Supporting Information). The etching 
traces of CVDSG fi lms show a number of hexagonal trenches 
and the domains of  ∼ 400  μ m are leaved with a large portion 
of hexagonal edges. The crystallographic orientation-dependent 
etching effect of hydrogen has been recently shown in 
graphene fi lms. [  31  ,  32  ]  The coincidence of the topological shapes 
and domain sizes in the control experiments of the segregation 
temperature (see Figure S6, Supporting Information) and the 
© 2012 WILEY-VCH Verlag G

     Figure  5 .     The effect of H 2  etching on CVDSG fi lms by ex situ H 2  exposure
fi lms. b,c) Optical images of ex situ H 2  exposure for CVDSG fi lms (the sam
dark regions (b,c) represent the bare Ni substrate.  
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ex situ H 2  etching suggests that the CVDSG fi lms are made of 
random domains with the size of  ∼ 400  μ m. The relative regular 
hexagonal grain and the large grain size are comparable to that 
of graphene on Cu foils, [  14  ]  which have not yet been observed in 
previous CVD graphene grown on Ni fi lm.

   According to our performed etching experiments of CVDG 
and CVDSG, we assume the reasonable explanation is that 
etching process starts readily from the graphene layer directly 
contacted to Ni fi lm, especial positions at the vulnerable grain 
boundaries and defects. Additionally, the etching can proceed 
from both bottom contact and lateral orientation. Anisotropic 
etching picture is understood that the vulnerable part of the 
bottom contact is dissolved fi rstly, and then the second layer 
collapses on the Ni. Therefore, under the synergistic role of 
H 2  and Ni fi lm, we can see that the etched trenches in CVDSG 
are formed and widened gradually (Figure  5 ). For non-uniform 
CVDG fi lm, it has more concentration of the grain boundaries, 
and the etching forms some circular holes for the vulnerable 
positions are fi rstly etched out. The density and area of the 
holes increase with etching time due to above-mentioned dual 
etching roles (Figure S5, Supporting Information). 

 To evaluate the electrical properties of our segregated few-
layer graphene, the 3–4 L CVDSG fi lms are patterned into Hall 
bar devices by standard photolithography, and the electronic 
transport measurements are carried out ( Figure   6 , Figure S7, 
Supporting Information). All samples show high level of hole-
doping in the order of 10 13  cm  − 2 , and the Dirac point is not 
observed even at gate voltages of up to 70 V. The high doping 
level and the screening of the few-layer graphene are respon-
sible for the unavailability of Dirac point by gating. Owing to 
high carrier concentration, the Landau level index near Fermi 
level is large, hence, it is hard to observe the quantum Hall 
effect (QHE) feature except the weak Shubnikov-de Has oscil-
lations (SdHOs) in longitudinal resistance (Figure  6 b). The car-
rier concentration derives from the low-fi eld linear slope of Hall 
resistance  R xy   against magnetic fi eld, np = 1/e

(
d Rxy

/
d B

)
 , and 

the mobility is obtained by  μ   =  ( L / W )( en p R xx  )   −  1 . The concentra-
tion of our CVDSG sample is estimated to be 1.4  ×  10 13  cm  − 2  
at zero gate voltage, and the mobility is  ∼ 5400 and  ∼ 2900 cm 2  
V  − 1 s  − 1  at 0.36 and 300 K, respectively. The p-type doping is 
3157wileyonlinelibrary.commbH & Co. KGaA, Weinheim

 (400 sccm) at 900  ° C. a) Optical images of as-grown CVDSG fi lms on Ni 
ple in (a)) on Ni fi lms (dashed lines mark the etching traces). The narrow 
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     Figure  6 .     Electrical properties of CVDSG. a) Four-probe electrical longi-
tudinal resistance ( R  xx ) versus gate voltage ( V  g ) measured in a graphene 
Hall bar device (inset) at the temperature ( T ) of 0.36 K. b)  R  xx  and  R  xy  
(transverse magnetoresistances) as functions of magnetic fi eld ( B ) 
measured at  T   =  0.36 K and  V  g   =  0 V. The device demonstrates the weak 
Shubnikov-de Has oscillations (SdHOs) in longitudinal resistance ( L   =  
12  μ m,  W   =  3  μ m).  
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likely caused from the residue of Ni etchant for the p-type 
remains avoiding photoresist and lithography process. The 
mobilities for our CVDSG are comparable to previous reports 
on CVD-grown monolayer graphene fi lms, and are higher than 
that of non-twisted bilayer and trilayer graphene fi lms on SiO 2  
substrates made by mechanical cleavage and CVD growth. [  5–9  ]  
Our electrical measurement confi rms that the electrical quality 
of twisted few-layer CVDSG fi lms approaches monolayer 
graphene, in agreement with the recent conclusion of scanning 
tunneling spectroscopy (STS) experiments. [  28  ] 

     3. Conclusions 

 In conclusion, we have developed a novel growth technique 
to readily synthesize wafer-scale, layer-controlled and highly 
uniform graphene fi lms by creating a H 2  exposure process. 
The layer number of CVDSG fi lms can be precisely con-
trolled by changing the Ni fi lm thickness, carburization 
parameters and the H 2  exposure dose. H 2  exposure assisted 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
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by nickel fi lm at high temperature plays a critical role on 
the layer control and uniformity of our CVDSG fi lms. The 
excellent electrical and transparent conductive performance 
of CVDSG has been achieved. Our fi ndings open a feasible 
route towards control over the layer number of wafer-scale 
graphene, new understanding of the graphene formation on 
Ni catalyst, and eventual diverse applications of graphene-
based devices. 

   4. Experimental Section 
  CVDSG Films Synthesis and Transfer : Large-area and layer-controlled 

graphene were synthesized on Ni fi lms (270, 300, 400, 650 and 1000 nm) at 
ambient pressure by our novel technique according to a detailed description 
in Supporting Information (Figure S1 and Table S1). Briefl y, the whole 
growth process consists of four stages: 1) heating and annealing; 
2) carburizing; 3) H 2  exposure; and 4) purging and cooling. In addition, CVDG 
fi lms on Ni fi lm were also prepared as control samples using conventional 
CVD process. Samples were transferred by the wet-etching of the underlying 
Ni fi lm. Firstly, the CVDSG fi lms were protected by spin-coating poly (methyl 
methacrylate) (PMMA) on to the surface of graphene. Subsequently, the 
sample coated PMMA was released in a Ni etchant (FeCl 3  with 1 mol/l). 
The released PMMA/graphene can be easily transferred to the desired target 
substrates. Finally, the PMMA was dissolved and removed by acetone with 
70  ° C. Evaporation is observed and will be an important limitation for using 
thin fi lms especially below 200 nm at such high temperature due to lower 
melting points of thinner Ni fi lms. Thus, we select an optimized thickness 
of Ni fi lm more than 270 nm and control the time of our CVDSG synthesis 
within 30 min in order to avoid the damage of the Ni fi lm. 

 The CVDSG fi lms with different layer numbers (1–4 L) on 
270-nm-thick Ni fi lms were also fabricated by changing synthesis recipe 
(in Figure  3 c). Sample A: CVD carburization of 1.5 min by fl owing CH 4  
(20 sccm): H 2  (60 sccm):Ar (50 sccm), and in situ H 2  exposure of 5 min 
by fl owing H 2  (500 sccm). Sample B: growth condition is identical to that 
of sample A, except higher precursor fl ow rate during CVD carburization 
(CH 4 :H 2 :Ar at 20:50:50 sccm) and lower H 2  exposure dose (480 sccm). 
Sample C: growth condition is identical to that of sample B, except 
longer carburization time (2 min). 

  Structures and Layer Number Characterization : The samples were 
characterized by optical microscopy, Raman spectroscopy (LabRam 
HR800-UV-NIR with a laser wavelength of 632.8 nm) and HRTEM 
(Tecnai G2 F20 S-Twin). Raman mapping were obtained from the 
CVDSG samples as follows:  ∼ 828 spectra collected on an area of 44  ×  
70  μ m 2  with a step size of 2  μ m). The TEM samples were prepared by 
directly transferring graphene fl oated on deionized water onto a TEM 
grid (C-fl at on 200 mesh copper). The optical transmittance of CVDSG 
fi lms with an area of 1  ×  1 cm 2  on glass was measured by an UV-Vis 
spectrometer (Perkin Elmer Lambda 25). Combination of Raman 
spectroscopy, HRTEM and UV-Vis spectrometer was used to determine 
the layer number of our CVDSG fi lms. 

  Device Fabrication and Electronic Transport Measurements : The CVDSG 
fi lms were patterned into the Hall bar device by photolithographic. The 
samples were used to the electrical transport measurements by the four-
terminal and the Hall probe confi guration. The 3 to 4 L CVDSG fi lms 
were transferred onto high doped silicon substrates with 300-nm-thick 
oxide layer, following 400  ° C annealing at H 2 /Ar gas for removal of 
residual PMMA. Two-step conventional photolithography processes 
were performed to deposit electrodes and pattern the graphene fi lms 
using AZ5214 photoresist. Hall bar electrodes (electrodes of Ti/Au 
(20/100 nm) were deposited on the transferred graphene fi lms by electron 
beam evaporation. After that, O 2  plasma etching was used to pattern 
3  μ m width and 37  μ m length graphene stripes. The width ( W ) and length 
( L ) of Hall bar are 3  μ m and 12  μ m, respectively. The electrical transport 
measurement was performed in a  3 He cryostat combining with a standard 
lock-in technique. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3153–3159
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   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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