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Abstract

Bernal stacked (AB stacked) bilayer graphene is of significant interest for functional electronic
and photonic devices due to the feasibility to continuously tune its band gap with a vertical
electrical field. Mechanical exfoliation can be used to produce AB stacked bilayer graphene flakes
but typically with the sizes limited to a few micrometers. Chemical vapor deposition (CVD) has
been recently explored for the synthesis of bilayer graphene but usually with limited coverage and
a mixture of AB and randomly stacked structures. Herein we report a rational approach to produce
large-area high quality AB stacked bilayer graphene. We show that the self-limiting effect of
graphene growth on Cu foil can be broken by using a high H,/CHy ratio in a low pressure CVD
process to enable the continued growth of bilayer graphene. A high temperature and low pressure
nucleation step is found to be critical for the formation of bilayer graphene nuclei with high AB
stacking ratio. A rational design of a two-step CVD process is developed for the growth of bilayer
graphene with high AB stacking ratio (up to 90 %) and high coverage (up to 99 %). The electrical
transport studies demonstrated that devices made of the as-grown bilayer graphene exhibit typical
characteristics of AB stacked bilayer graphene with the highest carrier mobility exceeding 4,000
cm?/V's at room temperature, comparable to that of the exfoliated bilayer graphene.
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Bernal AB stacked bilayer graphene is of significant interest for graphene based field effect
transistors (FETSs) because of the feasibility to continuously tune its band gap with a vertical
electrical field.1:2 This unusual characteristic of bilayer graphene has attracted considerable
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attention for fundamental studies and potential applications in digital electronics and
photonics.1~7 To date, most of the bilayer graphene films are prepared by micromechanical
exfoliation from graphite with the sizes often limited to a few micrometers, which has
therefore seriously limited its potential for scalable fabrication of electronic and photonic
devices.

Recently, chemical vapor deposition (CVD) method has emerged as a potentially effective
approach to large area graphene on various transition metal (e.g., nickel and copper)
substrates using hydrocarbon gas or solid carbon as the carbon source.8-16 There are two
different mechanisms for the formation of graphene depending on the metal substrates used.
For metals with relatively high carbon solubility, such as nickel (~1.3 atom % at 1000 °C),
the dissolved carbon atoms at high temperature can precipitate out from the metal surface
and form multiple layer graphitic films upon cooling.10:17.18 On the other hand, low carbon
solubility metals (e.g., copper, platinum) show predominately uniform monolayer graphene
growth due to a self-limiting effect.19-22 Graphene with controllable number of layers has
been reported to grow on the Ni-Cu alloy substrates by tuning of the growth conditions, but
the uniformity of the bilayer graphene is limited due to the non-uniform alloy
composition.23 Additionally, the resulted bilayer graphene often consists of a mixture of
randomly stacked and AB stacked bilayer graphene. Therefore, it remains a significant
challenge to controllably produce large area bilayer graphene, especially the AB stacked
bilayer graphene.

Here we present a systematic study to investigate the growth of bilayer graphene on copper
surface with high surface coverage and high AB stacking yield. Specifically, a high Ho/CH4
ratio gas flow is used in the CVD growth to partially expose Cu surface at the upstream end,
which is proven to effectively break the self-limiting effect and enable the direct growth of
the second layer graphene on the first layer graphene. Additionally, it was found that a low
pressure growth can allow for high yield nucleation of AB stacked bilayer graphene. With
this discovery, we have developed a two-step low pressure CVD (LPCVD) process to grow
large-area AB stacked bilayer graphene. High coverage (up to 99%) and high AB stacking
ratio (up to 90%) bilayer graphene sheets with carrier mobility up to 4,400 cm2/Vs are
achieved through the rational design of synthetic process. Our study will help promote the
understanding of the growth mechanism of the bilayer graphene and its application for
functional electronic devices.

RESULTS AND DISCUSSION

The CVD growth of graphene on Cu substrate is typically controlled by a self-limiting
process: Cu substrate catalyzes the cracking of carbon source (e.g. CHg) and the formation
of a single layer graphene on its surface. With a low Ho/CHj ratio (e.g., 0.06) gas flow,20 a
nearly continuous monolayer of graphene is formed on Cu substrate, the catalytic behavior
of the Cu is passivated and prevents the further decomposition of the carbon source
molecules for the continued growth of multilayer graphene. As a result, bilayer graphene
and particularly large area bilayer graphene is often not readily achievable due to this self-
limiting process. To enable the continued growth of large-area bilayer graphene, we have
employed a much higher H,/CHy ratio (e.g., 40) gas flow in the CVD growth process to
partially expose the upstream Cu surface to break the self-limiting effect.

For a typical growth process, a 1.5 x 6 cm size of 25 um thick Cu foil was loaded into a 1-
inch quartz tube inside a horizontal LPCVD chamber. A gas mixture of Hy and diluted CH4
(500 ppm in Ar) with flow rate of H,/CH4 = 10/500 sccm was flowed across the Cu
substrate at a temperature of 1050 °C under pressure of 5 mbar for 1hour (see methods
section for details). The corresponding Hy/CH, (pure) ratio is 40. In this way, bilayer
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graphene were epitaxially grown on downstream monolayer with the carbon fragments
continuously supplied from the uncovered upstream Cu gaps in the LPCVD system (Figure
1a). Bilayer graphene are observed throughout the surface of the entire Cu foil. The
variation of the bilayer coverage can be seen in Figures S1 and S2. Figure 1b, ¢ show
representative scanning electron microscopy (SEM) images of the transferred graphene
located at upstream end and center of the Cu substrate respectively. At the upstream end (~ 5
mm length from head), the Cu surface is partially covered with monolayer and bilayer
graphene with some exposed Cu surface (gap) between different graphene domains (Figure
1b and S1). At the downstream end, the Cu substrate is fully covered with continuous
monolayer graphene and with large hexagonal domains of bilayer graphene (Figure 1c and
S1). The area coverage of the bilayer graphene exceeds 40 % after 1 hour growth with a
typical domain size around 20 pm in lateral dimension.

Hydrogen (H») is believed to play two important roles in the graphene growth: as a
cocatalyst for dehydrogenation of CH4 for graphene growth and as an etching agent to
control the size and morphology of graphene domains.?4:25 The ultimate graphene size and
morphology depends on the equilibrium between graphene growth and hydrogen etching.
Therefore, the amount of hydrogen is a most critical factor determining the formation of
bilayer graphene here. A relatively high H,/CH, ratio can saturate the lateral growth rate of
the graphene films to leave uncovered catalytically active Cu surface.22:26 Briefly, CHy
precursor and H, can be decomposed on the Cu surface to form active CH,™ (CH3", CH,",
and CH™) and hydrogen atoms, which will bond on the edge of graphene nuclei and
eventually lead to the growth of graphene through the dehydrogenation process. Meanwhile,
hydrogen atoms can etch graphene carbonaceous edge and form CH," species during the
growth. The balance between the growth and etching can result in a saturation of graphene
growth. Consequently, a high partial pressure of hydrogen can inhibit graphene domain
growth to leave uncovered and catalytically active Cu surface at the upstream end. The
continued decomposition of CH,4 on the uncovered Cu area or hydrogen etching of graphene
broken edges produces small carbon fragments that can get desorbed from the copper
surface and flow downstream, leading to a higher concentration of active carbon source
there and contributing to the continued graphene growth to form fully covered graphene
surface. Furthermore, the continued supply of small carbon fragments from upstream can
enable continued bilayer graphene growth downstream.

The bilayer graphene domains nucleate simultaneously on the monolayer, as shown in
Figure 2a. The domain density of bilayer graphene decreases slightly compared to the first
layer (1160/mm? vs. 1300/mm?). Interestingly, the hexagonal second layer domains
typically show a one-to-one relationship with the underlying six-fold symmetric lobe-like
first layer domains. The overlapped centers of these two domains indicate the mono- and
bilayer graphene tend to nucleate at the same locations, such as step edges, folds, or other
imperfections on the Cu foil.2” Furthermore, the total area of the bilayer coverage increases
with increasing growth duration, while the domain density is statistically constant after the
initial nucleation stage (Figure S3). Raman spectroscopy was employed to evaluate the
quality and layer number of the graphene. In the three Raman spectra (Figure 2b), the peaks
centered at ~ 1585 cm™1 and ~ 2690 cm™1 correspond to the G and 2D bands of the
graphene, respectively. The characteristic features in Raman spectra suggest that there are
three different graphene materials: AB stacked bilayer graphene, disoriented or randomly
stacked bilayer graphene, and monolayer graphene. In particular, the full width at half
maximum (FWHM) of 2D band peak is ~ 56 cm™1 for the AB stacked bilayer graphene
(Figure 2b, red line), distinct from ~ 31 cm™1 for disoriented bilayer (Figure 2b, black line)
and ~ 37 cm™1 for the monolayer (Figure 2b, blue line). The intensity ratio of lop/lg for AB
stacked bilayer graphene is ~ 1.2, significantly lower than the ratio of ~ 4.5 for disoriented
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bilayer and ~ 2.5 for monolayer graphene. In this way, Raman spectra can be used as a
reliable way to distinguish the number of layers and the stacking order of the graphene.

The morphologies of the AB stacked and disoriented bilayer graphene in the initial growth
stage are further studied, as shown in Figure 2c and 2d. The first layer domains always show
six-fold lobes, typically with small hexagonal bilayer domains locate at their centers. In
Figure 2c, the frequent observation of zero-rotation relationship between the first layer lobe
and the second layer hexagon suggests a possible fixed stacking order, which is confirmed
by Raman studies as the lowest energy configuration of AB-stacking order (the red curve in
the Figure 2b). The other twisted bilayer configuration usually show a rotation of ~ 30°
(Figure 2d), which is believed to be the next lowest energy structure (1.6 eV/atom less stable
than the AB stacked bilayer).28 Atomic force microscopy (AFM) was employed to
determine the thickness of the graphene films transferred onto silicon/silicon oxide substrate
(Figure 2e—g). The central hexagonal contrast appears remarkably on the six-fold lobe. The
height of the hexagonal second layer graphene with respect to the first layer six-fold lobe-
like domain and the first layer graphene to the SiO, substrate are found to be ~ 0.34 nm and
~ 1.0 nm, respectively. The step height difference of 0.34 nm between the surface of first
and second layer graphene is consistent with the ideal 0.335 nm of monolayer graphene. The
larger thickness of the first layer on SiO, may be attributed to substrate-graphene spacing
and contaminations resulted from the transfer process.

Since it is necessary to have an AB stacked bilayer graphene to achieve a tunable band gap
under a vertical field, we have carried out a systematic study to investigate the dependence
of the overall coverage and AB stacking ratio on various growth parameters such as Ho/CHy4
ratio, temperature, and pressure. High coverage of bilayer graphene can be obtained at a
large range of H,/CHy, ratio (20-1400) (Figure S4 and S5), a relatively high growth
temperature (1010-1050 °C) (Figure S6), and a relatively low pressure (2-20 mbar) (Figure
S7 and S8). However, the AB stacking ratio appears to present a nearly invariable low value
around 65 % under the growth conditions mentioned above. Importantly, our studies show
that bilayer graphene with a higher yield of AB stacking ratio (up to 95 %) can be achieved
at very low pressure (e.g. 1 mbar) (Figure S8) and high growth temperature (1030-1050 °C)
(Figure S9). According to the Chapman-Enskog theory, the gas diffusion coefficient of the
precursor can be promoted by higher growth temperature and lower pressure.?® At the same
time, the surface diffusion coefficient can also be increased with higher temperature.
Therefore, high growth temperature and low pressure can provide enough free energy for the
active carbon species to diffuse to the lowest energy state, which is favorable for achieving
AB stacked bilayer graphene.

However, under this small window of growth conditions for high yield nucleation of AB
stacked bilayer graphene seeds, the growth rate of the bilayer graphene is rather low (Figure
S8). In this case, the Cu substrate is quickly totally covered by monolayer graphene during
the initial 5 min growth and no catalytic active Cu gaps is left to provide carbon fragments
for the continued growth of the second layer, resulting in a low overall coverage of the
bilayer graphene (< 5 %) even after a relatively long duration of growth (e.g. 1 hour) (Figure
3b). To simultaneously obtain a high coverage and a high AB stacking ratio of bilayer
graphene, we have adopted a two-step process with a low pressure nucleation step followed
by a higher pressure growth step based on our systematic study described above: in step 1, a
brief (e.g. 2 min) low pressure (1 mbar) growth at 1050 °C (H,/CHy, ratio of 40) was used to
nucleate bilayer graphene seeds with high AB stacking ratio (Figure 3a); in step 2, the
pressure was increased to a higher value (5 mbar) in order to increase the bilayer growth rate
and therefore obtain a uniform high coverage bilayer graphene sheet in a 1 hour growth
process (Figure 3c). Importantly, this change of growth conditions does not lead to apparent
nucleation of new bilayer graphene domains, and therefore the original high AB stacking
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ratio in bilayer graphene nuclei can be maintained. The coverage of bilayer graphene can be
further increased by prolonging the growth time. Finally, nearly full coverage (~ 99 %) of
bilayer graphene can be obtained after 3 hours of growth (Figure 3e).

Raman spectroscopy was employed to further characterize the quality of the bilayer
graphene synthesized by the two-step process. The Raman spectra show very low intensity
D band (around 1350 cm™2, corresponding to disorder-induced defect) in the disoriented
bilayer and essentially no D band signal in the AB stacked bilayer graphene (Figure 3f),
suggesting the high quality of the bilayer graphene. We have further performed Raman
spectroscopy measurements on more than 100 randomly chosen spots across. Histograms of
2D band FWHMs and I,p/lg ratio of the Raman spectra were then used to determine the AB
stacking yield (Figure 3g and 3h). The observed FWHMs of 2D band are in the range of
47.5-62.0 cm™1 for the AB stacked bilayer graphene, 27.4-38.2 cm™1 for the disoriented
bilayer graphene. The I,p/lg ratio is in the range of 0.83-1.46 for the AB stacked bilayer,
and 3.45-4.77 for the disoriented bilayer. These statistical results are consistent with the
previous reports that both the 2D band FWHMSs and I,p/lg ratio can be used to determine
the stacking order of the bilayer graphene.12-30 Based on the histograms in Figure 3g, 3h, the
AB stacked bilayer graphene consists of ~90 % of the total bilayer area (Figure 3i).
Additional Raman mapping studies also confirms the high yield growth of AB stacked
bilayer graphene (Figure S10).

High-resolution transmission electron microscopy (HRTEM) was further carried out to
determine the thickness and quality of the graphene films synthesized by the two-step
process. Obvious contrast between monolayer and bilayer graphene was observed after the
sample was transferred onto a holy TEM grid (Figure 4a), where the lighter and darker
regions indicated by blue and red circles correspond to the monolayer and bilayer graphene
areas, respectively. Selected area electron diffraction (SAED) patterns (Figure 4b, c)
corresponding to the monolayer and bilayer regions in Figure 4a, with the zone axis of
[0001], show that the graphene is single crystalline, and the bilayer graphene is AB stacked.
Diffraction intensity ratio of the outer {1-210} peak over the inner {-1100} peak in the
profile plots show opposite trend for the mono- and bi-layer graphene (Figure 4e, f).
Specifically, the ratio is close to 0.5 for the monolayer and approximately 2.0 for the bilayer
graphene. These results agree well with the previous reports of AB-stacked bilayer
graphene.11:31 SAED pattern obtained from disoriented bilayer graphene typically shows the
combination of two sets of diffraction spots with a ~ 30° rotation (Figure 4d).

To characterize the electronic quality of the bilayer graphene, we have carried out electrical
transport studies on the single and dual-gated bilayer graphene devices (Figure 5a). The
back-gate graphene devices are fabricated on silicon substrate with 300 nm silicon oxide.
The resistance R versus the back-gated voltage (Vgg) (R-Vgg) plot shows typical ambipolar
characteristics expected for the graphene devices (Figure 5b). Based on the transfer
characteristics, the carrier mobility can be determined to be 3,700 cm?/V's using well
developed procedures (also see the experimental section).32:33 Electrical measurement over
50 devices demonstrates that the bilayer graphene exhibit excellent carrier mobilities in the
range of 1,500-4,400 cm?/V/-s for holes (Figure 5c) and 1,400-3,000 cm?/Vs for electrons,
which is significantly better than the previously reported values of 350-580 cm?2/V-s for
LPCVD bilayer graphene,1112 and comparable to those reported for exfoliated bilayer
graphene (1,000 to 5,000 cm?/V-s).1:34

To further probe the bilayer graphene characteristics under vertical displacement field, we
have fabricated dual-gate bilayer graphene field-effect transistors (FETS). The dual-gate
devices were fabricated with a transferred top-gate stack on the back-gated device (see
method).3> The two-dimensional plot of the device resistance R vs. top-gate voltage (V1g)
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and Vg shows that the highest resistance is achieved in the highest displacement field
region (up-left and lower-right corners) (Figure 5d). This can be more evidently illustrated
in a series of plots of R-V1g at different Vgg. When sweeping the V1 from -5V to 3 V at
different fixed Vgg from —80 V to 80 V, each R-Vyg curve shows maximum value Rpjrac,
and the Rpjqc increases with increasing Vgg in both the positive and negative directions
(Figure 5e). The plot of Rpjrac V5. displacement field further shows that maximum channel
resistance are achieved under the highest displacement field (Figure 5f), confirming the AB
stacking nature of the bilayer graphene.211.12.36 This study clearly demonstrates that high
quality bilayer graphene are obtained from the two-step synthesis process, which provides a
rational route to grow large-area high quality AB stacked bilayer graphene.

CONCLUSION

High quality AB stacked bilayer graphene was successfully grown on Cu foils using a
LPCVD approach. A high Ho/CH,4 ratio was employed to saturate graphene lateral growth as
a result of equilibrium between growth and hydrogen etching, leaving catalytic active
partially exposed Cu surface at the upstream end, which continuously generate active carbon
fragments that flow downstream to enable the epitaxial growth of large-area bilayer
graphene on the downstream monolayer. With a systematic study of the dependence of
bilayer coverage and AB stacking order on the growth parameters, a two-step LPCVD
process was developed to achieve a high AB stacking ratio in the large-area bilayer
graphene. Electrical transport measurements showed that the optimized AB stacked bilayer
graphene films exhibit a high electronic quality with the carrier mobility up to 4,400 cm?/
Vs at room temperature. This research should be beneficial for both the fundamental
understanding of the bilayer graphene growth mechanism and for the development of
functional graphene devices with tunable energy gaps.

EXPERIMENTAL SECTION
Graphene Growth

Graphene was synthesized by copper-catalyzed low pressure chemical vapor deposition
(LPCVD) using a gas mixture of Ar, Hyp, and CH,4, where CH,4 gas was the carbon-
containing precursor. First, a 25-pum thick copper foils (99.8 %, Alfa Aesar) were washed
with HCI/H,0 (1:10) and loaded into a 1-inch quartz tube inside a horizontal furnace
(Lindberg/Blue M, Thermo Scientific). The system was evacuated to a vacuum of 20 mTorr
for 10 min. Then, the growth chamber was filled with 500 sccm of Ar & H, mixed gas and
heated to 1050 °C for the initial Cu cleaning for 30 min. Next, the diluted methane (500 ppm
in Ar) was introduced into the tube for the graphene growth at 990-1050 °C with different
H,/CHy4 (pure) flow ratio (4—2666) under 1-100 mbar. The growth was terminated by
quenching the quartz tube (cooling rate was approximately 200 °C/min) under ambient
conditions.

Graphene Transfer

The transfer of the CVD-derived graphene films onto 300 nm SiO, substrates was
performed by the wet-etching of the underlying Cu foils. Initially, the graphene was grown
on both side of the copper foil. To transfer the graphene, one side of the Cu/graphene
surface was spin-coated with PMMA (495 PMMA C2, MicroChem) photoresist and then
cured at 120 °C for 2 min. The other side of the sample was exposed to O, plasma for 50
seconds to remove the graphene. The Cu foil was then etched away using copper etchant
(Transene, CE-100), resulting in a free-standing PMMA/graphene membrane floating on the
surface of the etchant bath. The PMMA/graphene film was washed with HCI/H,0 (1:10)
and DI water for several times, and transferred onto a silicon substrate with 300 nm SiO».
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Finally, the PMMA was dissolved by acetone and the substrate was rinsed with isopropyl
alcohol to yield a graphene film on the substrate.

Characterization

The morphology and structure of the graphene were characterized with optical microscopy
(OM, Olympus), field emission scanning electron microscopy (FESEM, JSM-6701F), high-
resolution transmission electron microscopy (HRTEM, FEI Titan S/TEM at 300 kV), and
Raman spectroscopy (Renishaw 1000, 514 nm laser wavelength, 50 x objective). The
thickness was measured using atomic force microscopy (AFM, Veeco Dimension 5000).

Graphene Device Fabrication and Measurement

The electrical properties of the CVD bilayer graphene were characterized by fabricating
back-gate and dual-gate graphene FET devices on 300 nm SiO5 substrates. To this end, the
as-grown bilayer graphene is first transferred onto the octadecyltrichlorosilane (OTS)
modified Si/SiO, substrate. Photolithography and O, plasma etching were then used to
pattern graphene films into 7.5 pum strips. E-beam lithography was then employed to pattern
the contact electrodes with the channel lengths of 7.5 wm. The source/drain electrodes were
deposited using e-beam evaporation (Ti/Au: 50 nm/50 nm). The back gate voltage was
applied by using a Si back gate with SiO, as the dielectric. For the dual gate device, the top-
gate was fabricated with a transferred gate stack to minimize the potential damage to
graphene channel during the dielectric integration process.33:3%:37:38 For transferring gate
stack, a 50 nm gold thin film is deposited on a Si/SiO, substrate using e-beam evaporation.
An Al,Os3 top-gate dielectrics film is then deposited on gold surface by atomic layer
deposition (ALD) at 250 °C. E-beam lithography and e-beam evaporation was then used to
define metal strips (Ti/Au: 20/40 nm). The Al,03 top-gate dielectrics film is then patterned
by anisotropic reactive-ion etching (RIE) using e-beam patterned metal strips as the etching
mask to form metal-dielectrics stack structure. A thin layer of AZ4620 photoresist is then
spin coated onto the substrate to wrap around the gate stack. A thermal release tape (TRT) is
attached onto the top of the substrate. Then the whole structure is immersed in deionized
(DI) water at room temperature, followed by the peeling-off of an edge of the TRT. The
gold layer is etched away using gold etchant. Then the TRT and the attached top-gate
structure are laminated onto patterned graphene strips. A peeling off process is operated at
the glassy transition point of the photoresist followed by repeated acetone rinse in order to
remove the photoresist. £-beam lithography and e-beam vacuum metallization (Ti/Au, 50/50
nm) are then used to define the source, drain and gate electrodes. Electrical transport
properties of the samples were measured in a vacuum probe station (Lakeshore Model
TTP4) at room temperature using dual-gate FETs configuration and a computer-controlled
analogue-to-digital converter (National Instruments model 6030E). To extract the mobility,
the total resistance of the device can be expressed as below: 32:33

L/W
nep

R tot =R contact +Rchunnel =R contact+

Where Rchannel 1S the resistance of the graphene channel, Reontact i the contact resistance of
the metal/graphene contact, L is the channel length, W is the channel width, and n is the
carrier concentration in the graphene channel region, and can be approximated by the
following equation:

n= At = 4 (Cu (V=Y ) )
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Where ng is the residual carrier concentration, representing the density of carriers at Dirac
point. ngg =Cgs * (Ve — Vpirad/ €is the carrier concentration induced by the back-gate
bias away from the Dirac point. Cgg can be approximated by the oxide capacitance.32

By fitting this model to the measured data, we can extract the relevant parameters, ng,
Reontact and L. We use ya + b x(1 + ¢ x x)~1/2 fitting the measured data.

pCle. g WX ANE
0= B contact—, =
\/E bx Cys
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Figure 1.

(a) A schematic illustration of the bilayer graphene growth. Carbon fragments come from
the uncovered upstream Cu catalyst are continuously transported downstream for the growth
of bilayer graphene. (b, ¢) SEM images of monolayer (1L) and bilayer (2L) graphene at
upstream end and center of the Cu substrate, respectively. The bright strips in b are the
exposed copper surface between graphene domains, and the darker hexagonal contrast
corresponds to the bilayer graphene. Scale bars are 20 pm.
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Figure 2.

(a) SEM image of the initial monolayer (1L) and bilayer (2L) graphene domains transferred
onto SiO,/Si substrate synthesized in a 2-min growth with H,/CHy ratio of 40 under 5 mbar
at 1050 °C. The hexagonal bilayer domains are typically located at the centers of the
monolayer domains. (b) Raman spectra of the monolayer and bilayer graphene. Bilayer
graphene is presented by two different stacking arrangements: AB stacking and disoriented
stacking. (c) and (d) Enlarged SEM images of the AB stacked and disoriented bilayer
graphene domains, respectively. The insets are the schematic diagrams for the two different
stacking orders. () AFM image of a graphene domain on SiO, substrate. The two white
lines near center and edge of the domain indicate the sections corresponding to the depth
profiles shown in (f) and (g). The height difference between the two dashed lines is ~ 0.34
nm in (f) and ~ 1.0 nm in (g), respectively.
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Figure 3.

SEM images of monolayer and bilayer graphene on the center of Cu foil synthesized with
H,/CHy ratio of 40 under 1 mbar at 1050 °C for (a) 2 min and (b) 1 hour growth. (¢) SEM
image shows that the bilayer graphene coverage is increased dramatically by increasing
pressure to 5 mbar for 1 hour growth after the first 2 min low pressure nucleation step. (d)
SEM image of higher coverage of bilayer graphene obtained after extending the growth
duration to 3 hours. Scale bars are 20 um. (e) Coverage statistics of different layers for the
sample shown in (d) demonstrates that ~ 99 % of surface area is covered by bilayer
graphene. (f) Representative Raman spectra of the two different stacked bilayer graphene in
(d). (9, h) Histograms of the Raman spectrum 2D band FWHMs and 1,p/lg ratio of the
bilayer graphene. (i) Stacking ratio statistics of the bilayer graphene based on (g, h).
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Figure 4.

(a) HRTEM image of graphene synthesized by the two-step process, suspended on a holey
carbon TEM grid. The monolayer and bilayer regions are marked by the blue and red circles.
(b, ) SAED patterns of monolayer and AB stacked bilayer graphene regions in (a),
respectively. (d) SAED pattern obtained from disoriented bilayer graphene, showing two
sets of diffraction spots with a 28.9° rotation. (e, f) Profile plots of diffraction peak
intensities along arrows in (b and (c), respectively.
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Figure5.

(a) Schematic illustration of bilayer graphene device with single back-gate or dual-gate. (b)
Device resistance v.s. back gate voltage (Vgg). The hollow circles represent experimental
data point and red line is the modeling fit to extract carrier mobility. (c) Histogram of the
carrier (hole) mobility distribution for back-gated bilayer graphene devices. The devices
studied in b and ¢ have a channel length of 7.5 um and width of 7.5 um. (d) 2D plot of Rygal
as functions of both top gate voltage (V1g) and Vg of a dual-gate bilayer graphene device.
(e) A series of R v.s. V1 curves at different value of fixed Vgg ranging from —80 to 80 V,
with 20 V increment. (f) Resistance at Dirac point under different displacement field.
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