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B
ilayer graphene has attracted consid-
erable attention due to its unique
electrical properties.1,2 For instance,

AB-stacked bilayer graphene exhibits a
tunable band gap with an applied exter-
nal electrical field,3 which is promising for
graphene-based electronic and photonic
applications.4�6 However, bilayer graphene
flakes prepared by mechanical exfoliation
are limited in size (∼5�15μm), and the
process provides little control over their
thickness or shape. In recent years, chemical
vapor deposition (CVD) has emerged as a
scalable method for producing large-area
graphene films of varying thickness.7�9 The
synthesis of single- to few-layer graphene
films has earlier been demonstrated using
transition metals as substrates.7�14 To date,
copper substrates aremore commonly used
than nickel for monolayer growth because
of copper's lower carbon solubility and
dominant surface-limited growth. However,
these properties also make it quite challen-
ging to grow bilayers on copper; the cata-
lytic copper surface becomes passivated by
the monolayer graphene.15 Nevertheless,
several groups have reported methods of

synthesizing bilayer graphene via CVD by
controlling the carbon solubility of the cat-
alyst, for example, using Cu�Ni alloy foils or
Cu�Ni thin films.16,17 However, bilayer gra-
phene grown by increasing the carbon so-
lubility of the substrate relies on a careful
control of the alloy composition and the
precipitation rate. Another approach to
growing bilayers on copper involves intro-
ducing external carbon sources to deposit
an additional layer on top of an existing
monolayer.18,19 In addition, direct growth of
large domains of bilayer graphene from
underneath discontinuous monolayer do-
mains has also been reported, but with
relatively low bilayer coverage.20

For a typical graphene growth under low-
pressure CVD (LPCVD) using flat Cu foils, the
growth of bilayer stops when the Cu surface
is fully covered by graphene.9,21,22 In our
previous investigation, we have found that
the limited coverage of bilayer graphene
can be overcome by utilizing a Cu enclo-
sure geometry.21 In this work, we examined
the coupling of the graphene growth be-
tween both inside and outside surfaces and
investigated the passage ways of carbon.
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ABSTRACT In this work, we investigated the growth mechanisms of bilayer graphene on the outside surface of

Cu enclosures at low pressures. We observed that the asymmetric growth environment of a Cu enclosure can yield a

much higher (up to 100%) bilayer coverage on the outside surface as compared to the bilayer growth on a flat Cu foil,

where both sides are exposed to the same growth environment. By simultaneously examining the graphene films

grown on both the outside and inside surfaces of the Cu enclosure, we find that carbon can diffuse from the inside

surface to the outside via exposed copper regions on the inside surface. The kinetics of this process are examined by

coupling the asymmetric growth between the two surfaces through a carbon diffusion model. Finally, using these

results, we show that the coverage of bilayer graphene can be tuned simply by changing the thickness of the Cu foil,

further confirming our model of carbon delivery through the Cu foil.
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We found that the diffusion of active carbon species
(atomic carbon radicals and/or CHx) through the Cu foil
from the inside surface to the outside surface can
circumvent the saturation of the bilayer graphene
domain size, which can be observed on flat Cu foils.
For example, after the completion of the monolayer
growth on the outside, bilayers continue to grow on
the outside by the carbon introduced from the ex-
posed copper on the inside. The kinetics of the bilayer
graphene on the outside are modeled assuming a
carbon diffusion-limitedmodel, which agrees well with
the available experimental data. Finally, high-coverage
bilayer films are achieved by tuning the rate of carbon
delivery through the Cu foil.

RESULTS AND DISCUSSION

Graphene Growth on Cu Enclosure. The Cu enclosure
method was previously initiated by Li et al. for the
synthesis of large single-crystalline domain graphene
flakes.23 It has also been found that this geometry
also favors the growth of bilayer graphene.21 Figure 1a
shows the Cu enclosure, and Figure 1b shows the CVD
system used in this experiment. After growing for 1 h
at 1050 �C under 1.5 sccm CH4 and 50 sccm H2, the
Cu enclosure was opened (Figure 1d), and graphene
domains could be observed on both the outside and
inside surfaces by scanning electronmicroscopy (SEM),
as shown in Figure 1c,e, respectively. Hexagonal bilayer
domains of approximately 20 μm were observed
on the outside surface, while large-area (up to hun-
dreds of micrometers) dendritic monolayer flakes were
found on the inside surface, consistent with previous
reports.21,23 Although a study of the bilayer growth on
the inside surface has been performed in previous
studies, we have focused on the outside surface due

to the higher bilayer graphene coverage that was
observed.23

Here we investigate the growth mechanism by
comparing the graphene films grown on both sides
of the Cu enclosure for different lengths of time, as
shown in Figure 2. All the graphene layers were grown
at 1050 �C under 1.5 sccm CH4 and 50 sccm H2. Due to
the low contrast of bilayers on monolayer graphene
using SEM, in this paper, we transferred the graphene
films onto SiO2/Si substrates, andwe present here false
colored optical images in order to highlight the bilayer
regions. The silicon dioxide is represented in white,
while the different thicknesses of graphene films are
represented in different shades of pink. The bilayer
graphene grown on the outside surface of the Cu
enclosure canbe divided into two stages by comparing
the observed growth there to that on a flat substrate.21

In stage I, bilayers start to form in the middle of the
monolayer flakes, while the monolayer, outlined in
white, is not yet complete. Both the flat Cu substrate
and the enclosure show similar growth behaviors.

However, even after the growth of themonolayer is
completed in stage II, the bilayer graphene on the
outside of the Cu enclosure continues to grow larger,
unlike the bilayers on the flat foils which have stopped
growing. Only at much longer times, for example,
more than 120 min, does the bilayer on the graphene
eventually stop growing (Supporting Information
Figure S1). Interestingly, this saturation time coincides
very nicely with the growth of monolayer graphene on
the inside, as shown in Figure 2. On the inside surface
of the Cu enclosure, there is no graphene formation for
the first 30min. It takes much longer for themonolayer
on the inside to coalesce into a complete film. For this
period of time, the bilayer on the outside surface

Figure 1. Cu enclosure andgraphenegrownon the Cu enclosures. (a) Photographof a Cu enclosure. (b) Illustrationof the CVD
systemwith the Cu enclosure in the center of the heating zone. (c) SEM image of the outside surface of a Cu enclosure, where
some of the hexagonal bilayer graphene domains are outlined by the white dotted line. (d) Photograph of an open Cu
enclosure after growth. (e) SEM image of the dendritic monolayer graphene flakes on the inside surface of a Cu enclosure,
where an isolated dendrite is outlined by the white dotted line.
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continues to grow. Once the coverage of monolayer
graphene on the inside surface is completed, the
bilayer graphene on the outside surfaces also stops
growing (Figure S1). Thus, the fraction of exposed Cu
on the inside surface appears to affect the growth of bi-
and trilayers on the outside Cu surface. This observa-
tion strongly suggests that the inside Cu surface plays
an important role in supplying additional carbon for
the growth of the outside bilayer graphene.

Pathways for Carbon Sources. Since the outside surface
of the Cu enclosure is fully passivated within the first
few minutes during the growth, the only catalytically
active surface capable of providing active carbon is the
inside surface of the enclosure. However, if this surface
is responsible for the continued bilayer growth, how
can the catalytic activity on the inside surface affect the
bilayer graphene growth on the outside? To answer
this question, we first examined two possible carbon
diffusion pathways between the inside and outside
surfaces of our enclosures: (1) gaps or holes when
forming the enclosure edge and (2) the bulk copper
itself. The SEM images at the crimped edges of a typical
Cu enclosure (Figure 3a) suggest that carbon can enter
the inside of the enclosure through gaps at the edges.
This is further confirmed by annealing the Cu enclosure
at a higher temperature before growth (see Methods
section) to better weld the edges together, which
resulted in almost no growth on the inside surface of
the enclosure (Figure 3d). Therefore, the graphene
monolayer acts as a diffusion barrier, preventing any
carbon from the outside from diffusing to the inside.15

As carbon leaks inside the enclosure, the carbon con-
centration builds up until a threshold concentration
of carbon is reached that is necessary to nucleate
graphene.24 However, if carbon can leak in through
these gaps, can carbon species also diffuse out and
incorporate with the existing bilayer on the outside? To

address this possibility, we crimped a single piece of Cu
foil to allow both a flat and an enclosed region to be
created side-by-side (Figure 3e). If the active carbon
diffuses out through the gaps and goes underneath
the monolayer graphene, it should attach to both the

Figure 2. Graphene growth on both sides of the Cu enclosure as a function of time. Here the graphene is transferred onto the
SiO2/Si substrate for better imaging. Thedifferent thicknesses of grapheneare representedbydifferent shades of pink. On the
inside surface, after 60min, there are some graphenemonolayer flakeswith a bi/trilayer in themiddle. When the growth time
is 120min, themonolayer graphene film growth is completed on the inside, and the bilayer growth on the outside appears to
saturate. The graphene growth process is divided into two stages according to the completeness of themonolayer growth on
the outside surface of the Cu enclosure.

Figure 3. Carbon deliverymechanisms. (a) Schematic of the
Cu enclosure with gaps at the crimped edges, and a cross
section SEM image on the right confirmed the presence of
the gaps. (b) Schematic of the Cu enclosure with better
sealed edges, with the corresponding SEM cross section
imageon the right. (c) Optical imagesof graphenegrownon
the inside surface of a Cu enclosure with additional anneal-
ing at 1065 �C for 10 min at 420 mTorr. The Cu is first
annealed in the shape of an enclosure at 1065 �C. The
enclosure is then opened after cooling, and the copper is
folded again into a new enclosure as usual (with a gap
between the edges). This result indicates that the annealing
of theCu foil doesnot affect themonolayergraphenegrowth
on the inside surface. (d) No graphene grows on the inside
surface when the annealing seals the enclosure at the edges.
The growth condition is 1.5 sccm CH4 and 50 sccm H2 at
1050 �C for 1 h. (e) Illustration of a sample with both a flat
region and an enclosure regionwhere the samplewas grown
in parallel in the quartz tube. (f) Bilayer regions growmostly
on the enclosure region but not on the flat region.
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flat regions and the outside of the enclosure regions,
enabling bilayers to grow on both surfaces. On the
other hand, if the carbon diffuses through the Cu
thickness, there should be a strong preference for
bilayers to grow only on the enclosure. After growing
for 1 h, we can see that the bilayers are indeed much
larger on the enclosure regions as compared to those
on the flat regions. As a result, we turn our attention
to the second carbon diffusion pathway: diffusion
through the bulk of the Cu foil.

If carbon sources actually diffuse through the Cu
foil, the growth rate of bilayer graphene films should
depend on the thickness of the Cu foil. To test this
hypothesis, we utilized an etch mask constructed from
Kapton tape in order to protect the outside surface, as
well as local regions on the inside surface (Figure 4a).
After electrochemical etching (see Methods sections),
the Kapton tape was removed and the calculated
thickness of the Cu foil was verified by measuring the
step heights (∼40 μm) using a Dektek profilometer
(Figure 4b). After polishing, the roughness of the inside
surface decreases.25 However, the properties of the
outside surface of the Cu enclosure were preserved by
capping the foil with Kapton tape during the polishing
process. We folded the processed Cu foil with the
trenched side facing inwards and grew following
standard conditions (1.5 sccm CH4 and 50 sccm H2 at
1050 �C) for 40min. The graphene grown on the inside
and outside were then transferred to silicon dioxide, as
shown in Figure 4c,d, respectively. The positions of the
etched regions of the inside of the Cu enclosure are
marked in Figure 4c by a dotted line. From Figure 4c, it
is interesting to note that the graphene growth on the
inside surface has not been perturbed by the etching
process and shows a relatively uniform nucleation
density. However, on the outside surface (Figure 4d),
at low opticalmagnifications, the transferred graphene
from the regions of the thinned Cu foil appear to be
optically more absorptive. By examining zoomed-in
opticalmicrographsof thesedifferent regions (Figure 4e),
we indeed find that the bilayer graphene domain
size is much larger on the thinner copper regions as
compared to the unetched copper regions. Therefore,
the shorter carbon diffusion time in the thinner Cu foil
(etched regions) results in a larger amount of carbon at
the outside surface available for the growth of bilayer
graphene. This is also consistent with previous works
that the bilayers grow fromunderneath themonolayer,
aswell as other recentwork that has shown that carbon
can diffuse through Cu thin films to the interface
between copper and an insulating substrate to form
graphene.15,20,21,26

To summarize, the investigations so far suggest
that, for the Cu enclosure, the inside environment is
almost sealed so that methane leaks in very slowly,
thereby delaying the Cu passivation on the inside
surface. The exposed Cu surface on the inside serves

as a catalytic pathway to continuously provide active
carbon to the outside surface via carbon diffusion
through the foil thickness. Potentially, atomic carbon
radicals and/or CHx species could be diffusing through
the Cu foil. This asymmetry between the growth rate of
graphene on the inside and outside surfaces allows
active carbon to diffuse through the Cu foil to grow
bilayer graphene.

Growth Mechanisms. From the above observations,
we propose the followingmechanism for the observed
two-stage growth of bilayer graphene on the out-
side surface, as illustrated in Figure 5. During stage I,
the processes resemble that of flat copper samples
where bilayer graphene growth is independent of the

Figure 4. Graphene growth on both surfaces of the Cu foil
with the inside surface patterned. (a) Illustration of the
patterning process. The sample is covered on one side
and patterned on the other side with the Kapton tape. After
electrochemically polishing, trenches are formed on only
one side. Then the sample was folded with the patterns on
the inside, but the outside surface remains the same. (b)
Surface profile of the Cu foil surface as measured by surface
profilometry (Dektek). (c) Optical images of graphene
grown on the inside surfaces of the Cu enclosures. The
etched regions are highlighted by the dashed line. The inset
in (c) and (d) shows a schematic of the copper enclosure. The
highlighted side of the enclosure corresponds to which side
of the copper that has been transferred. (d) Comparison of
graphene grown on the outside, corresponding to the
patterns on the inside. (e) Higher magnification optical
images of the graphene grown on the outside surface of
the etched regions (orange border), the transition between
etched and unetched regions (blue border), and standard
copper (red border).
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inside surface. The CH4 gas adsorbs onto the Cu surface
and decomposes to form active carbon species. Most
of this active carbon leads to the formation of mono-
layer graphene while some diffuses underneath the
monolayer graphene, resulting in the formation of
bilayer flakes. The final size of these bilayers is limited
by the rapid growth rate of the monolayer film that
serves as a diffusion barrier when grown to com-
pletion.15 Furthermore, the fast completion of the
monolayer graphene growth on the outside also pre-
vents carbon diffusion from the outside into the inside.
Stage II occurs after the outside monolayer graphene
growth is complete. Based on our observations in
Figure 2, the inside surface shows no graphene forma-
tion for the first 30 min as carbon slowly leaks to the
inside through the gaps. Similar to stage I, CH4 on the
inside can decompose and form graphene on the
inside surface. However, unlike stage I, due to the slow
growth rate of monolayer graphene on the inside, the
free surface carbon can either readily diffuse through
the Cu foil (to form bilayer graphene on the outside) or
form graphene on the inside surface before it is fully
covered with monolayer graphene. Thus, the large size
of the bilayers on the outside is attributed to the carbon
supplied during stage II. As the coverage of monolayer
graphene on the inside is almost completed, carbon
diffusion through the Cu foil diminishes and the size of
the bilayer graphene on the outside saturates.

To better understand the growth mechanism, we
model the kinetics of bilayer growth by simultaneously
comparing the graphene growth rate on both surfaces.
Due to the coupling between the free catalyst area on
the inside surface and the bilayer graphene growth on
the outside surface, we first analyze the graphene
growth on the inside surface, which we assume is
independent of the growth of graphene on the outside
surface due to the rapid growth rate of the monolayer
graphene on the outer surface which acts as a car-
bon diffusion barrier.15 It has been reported that the
kinetics of monolayer graphene growth on Cu using
CH4 can be represented using a modified Gompertz
function.27 This model applies for graphene growth
with the postulation that the graphene grows with a
continual carbon input rather than by crystallization
from a supersaturated solution.28 Therefore, we em-
ploy thismodel for themonolayer graphene growth on
the inside. The function pin(t) is simplified to represent
the coverage of monolayer graphene:

pin(t) ¼ Ain(t)
Atot

¼ expf�exp[�R(t � t0)þ 1]g (1)

where pin(t) is the fraction of monolayer graphene
coverage on the inside surface of the Cu enclosure,
Ain(t) is the area of the monolayer (μm2), and Atot is the
total area of the Cu inside surface (μm2). The value of
R (min�1) is determined by the maximum growth
rate μmax (μm

2) and the total copper area (Atot); R =
μmaxe/Atot, where e is Euler's number; t0 is the time lag
(min), which is the time required for the concentration
of the active carbon species to achieve a critical super-
saturation level for nucleation of graphene to take
place.24 The formation of the active carbon species
can occur due to self-pyrolysis of the methane gas as
well as by the assisted decomposition ofmethane from
the copper surface.29,30 Since the direct thermal self-
pyrolysis of the methane gas is energetically unfavor-
able, we focus on the catalytic role of copper, which
helps decomposemethanemore effectively.31,32 There
are a series of steps for the decomposition of CH4

before the completion of monolayer graphene growth
on the inside surface.30,33 Nevertheless we simplify all
the steps into one function, assuming that the govern-
ing rate-limiting constant (kd) is determined by the
slowest reaction step with the largest energy barrier E:

[CH4] sf
kd

[C�], where kd ¼ Aexp � E

kT

� �
(2)

In eq 2, [CH4] and [C*] (#/cm3) are, respectively, the
concentration of methane and active carbon species,
while A is a pre-exponential factor, k is the Boltzmann
constant, and T is the temperature (K). This equation
is valid assuming that there is sufficient methane
gas inside the enclosure. The consumption of carbon
diffusing through the Cu foil for bilayer growth should
be much smaller than the input of carbon into the Cu

Figure 5. Explanation of the growth mechanisms. (a)
Growth mechanism for bilayer graphene on the outside
surface in stage I when the monolayer graphene is not
complete yet. (b) Growth mechanism for bilayer graphene
in stage II after the completion of the monolayer graphene
at the outside surface. (c) Fitting of the experimental data to
the model for the coverage of the exposed Cu on the inside
and the bilayer graphene coverage on the outside vs time.
(d) Diffusion process for carbon on the inside to go through
the copper foil to form a bilayer on the outside underneath
the first-grown monolayer graphene.

A
RTIC

LE



FANG ET AL. VOL. 8 ’ NO. 6 ’ 6491–6499 ’ 2014

www.acsnano.org

6496

enclosure, thereby ensuring that carbon inside the
enclosure is never depleted. This assumption is sup-
ported by the fact that the monolayer graphene
growth on the inside surface keeps increasing over
time. Moreover, the concentration of methane is large
enough that the monolayer growth can be com-
pleted.34 However, the reaction described above only
occurs at regions with an exposed Cu surface. There-
fore, to calculate the effective carbon concentration on
the inside surface, we need to only consider those
regions not covered by graphene C1(t) (#/cm

3)

C1(t) ¼ (1 � pin(t))C� (3)

The carbon concentration gradient is developed through-
out the Cu foil to drive the diffusion process (Figure 4c).
C1(t) (#/cm

3) is the carbon concentration on the inside
surface, while C2(t) (#/cm

3) is that on the outside. We
assume that the carbon gets consumed immediately
once it arrives at the outer surface, implying C2(t) is
zero. Another assumption is that we only consider dif-
fusion to be one-dimensional (1-D) and there are no
carbon sinks within the Cu foil. These assumptions lead
to a concentration gradient that is a linear function of
distance. Based on our assumptions, the flux of carbon
diffusing through the Cu foil (F1(t) (#/(s 3 μm

2))) is

F1(t) ¼ D
C1(t)
tCu

(4)

Here tCu is the thickness of the Cu foil and the diffusion
coefficient of carbon in the Cu foil is D (μm2/s).
Assuming there is no loss of carbon during the dif-
fusion process, we write F1(t) = F2(t), where F2(t)
(#/(s 3 μm

2)) is the flux of carbon attaching to the bilayer
graphene. Combining eqs 1�4, the growth rate for the
bilayer is limited by the mass transport of carbon as
written in eq 5:

dAout(t)
dt

¼ D

tCu
Aexp

E

kT

� �
AtotCCH4 (1� pin(t))r (5)

where Aout(t) is the area of bilayer graphene (μm2) on
the outside surface and r is the areal density of carbon
atoms (μm2/#). (See Supporting Information for more
details regarding the derivation of eq 5.)

We plot the coverage of bilayer graphene on the
outside surface (red circles) and the percentage of
exposed Cu on the inside surface (blue squares) as a
function of time in Figure 5d. The fitting curves for the
monolayer graphene (dotted blue line) on the inside
(eq 1) and for the bilayer graphene (solid red line) on
the outside (eq 5) are also shown in Figure 5d. The
corresponding curve for bilayer graphene shows good
agreement with the experimental data. By extracting
the fitting coefficient and by estimating the concentra-
tion of methane on the inside surface, we estimate the
diffusion coefficient of carbon through the copper to
be 3.36 � 10�12 m2/s (see Supporting Information for
details), which is an order of magnitude less than the

diffusion coefficient of carbon in metals with a higher
carbon solubility such as iron (3.6 � 10�11 m2/s at
1050 �C).35 Therefore, the diffusion coefficient of
carbon through the copper microstructure is non-
negligible, thereby supporting our assumption that
carbon can diffuse through the Cu foil. Other recent
work has shown that carbon can diffuse through Cu
thin films to the interface between Cu and an insulat-
ing substrate to form graphene.26

Coverage Dependence on the Thickness of the Cu Foil. To
verify our model (eq 5), we also grew bilayer graphene
with various thicknesses of Cu foil (tCu). To utilize the
same purity and type of Cu foil throughout the experi-
ment, we purposely varied the thickness of our Cu foil
by electrochemically polishing our Cu foil in dilute
phosphoric acid (see Methods section). After growth
under 1.5 sccm CH4 and 50 sccm H2 at 1050 �C for 1 h,
the coverage of the bilayers (dotted blue), trilayers
(dotted red), and all the carbon content (black) on the
outside were plotted as a function of 1/tCu in Figure 6a.
The blue line shows that the bilayer coverage saturates
around a tCu of 107 μm; however, eq 5 predicts a linear
relationship between the bilayer coverage and 1/tCu.
To explain for this discrepancy, in most of our previous
growth conditions, the inside monolayer graphene
coverage has completed before the trilayer coverage
has become appreciable; therefore, we have assumed
that the integrated carbon content mainly contributes
to the bilayer coverage. However, for thinner foils, the
carbon delivery rate is much faster than before, such
that the trilayer graphene is able to grow before the
inside graphene fully passivates the copper surface. In
Figure 6c, when the Cu foil was thinned down to 57 μm,
the optical image shows that the trilayer graphene
becomes almost continuous and even quadlayer gra-
phene starts to appear. However, the percentage of
quadlayer coverage is only about 4%.

Our simple model (eq 5) only looks at the total
carbon content delivered to the outside surface.
Therefore, we plot the total integrated carbon content
(black) by summing up the percent coverage of both
the trilayer and bilayer graphene. Additionally, based
on eq 5, by fitting the coverage versus thickness plot,
we calculated the diffusion coefficient to be 3.16 �
10�12 m2/s with a goodness of fit (R2 equals to 0.98).
This value is consistent with our previously extracted
value 3.36 � 10�12 m2/s, which we obtained through
modeling the time-dependent growth of our bilayer
graphene on the outside. In Figure 6b, the transmit-
tance of graphene film grown on the Cu enclosure
was measured and compared with reference samples
of layer-by-layer transferred graphene films. For the
reference samples, the transmittance measured at
550 nm was 97.7, 95.35, and 92.96% for 1L, 2L, and
3L of graphene, respectively. Each graphene layer
absorbs 2.3 ( 0.1% of the incident light at 550 nm,
consistent with other reports from literature.36 For
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graphene grown on the Cu foil with a thickness of
107 μm, the calculated transmittance given the com-
puted coverage from Figure 6a (1L coverage = 100%,
2L coverage = 94 ( 2%, 3L coverage = 6 ( 1.5%) is
95.7%. Additionally, for the graphene films grown on a
57 μm thick Cu foil (1L = 100%, 2L = 100%, 3L = 72 (
11%), the total calculated optical transmittance is
93.97%. The small discrepancy (þ0.35% for 107 μm
andþ0.23% for 57 μm) for both films suggests that the
film is slightly more transparent than calculated. The
small discrepancy in transmittance between the mea-
sured and calculated values further confirms the uni-
formity of bilayer and multilayer films.

CONCLUSIONS

In conclusion, by inspecting the evolution of the two
surfaces of the Cu enclosure during the LPCVD synthe-
sis, we have gained a better understanding of the

bilayer growth mechanism on the outside surface of
the enclosure. It is concluded in this study that the two
surfaces are coupled by carbon diffusion through the
Cu foil. By identifying the pathways for methane gases
and active carbon, we found that carbon diffusing
through the Cu foil allows for a continual growth
of bilayers from underneath the outside monolayer
graphene. On the basis of the monolayer graphene
growth on the inside surface and the inter-copper
carbon diffusion process, we derived a growth model
for the bilayer graphene on the outside which agrees
well with the experimental findings. Finally, we verified
our model by measuring the thickness dependence of
the Cu foil on the delivery rate of carbon. Moreover,
utilizing intercatalyst diffusion pathways may serve as
a more general method for synthesis of other layer-by-
layer hybrid structures, such as graphene on h-BN or
isotopic bilayer systems. The improved understanding

Figure 6. Graphene grown on Cu foil with different thicknesses. (a) Coverage of bilayers (dotted blue), trilayers (dotted red),
and the summation of bothbilayers and trilayers (dotted black) as a function of thickness of the Cu foil. The linearfitting of the
carbon content is shown as a solid black line. (b) Transmittance of the layer-by-layer transferred graphene films (black) and
directly grown graphene films on the Cu enclosures with thickness of 107μm (red) and 57 μm (blue), respectively. The inset
shows the photograph of the corresponding graphene films on the borosilicate. The layer-by-layer transferred graphenewas
used as a reference, and the transmittance measured at 550 nm was 97.7, 95.35, and 92.96% with increasing numbers of
layers. The transmittance for the LPCVD-grown graphene films at 550 nmwas 95.7% (107 μm) and 93.97% (57 μm). (c) Optical
images of the graphene films grown on the outside of the Cu enclosure with different thicknesses.
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of the synthesis of bilayer graphene on copper cata-
lysts will lead to the better control of bilayer graphene

growth for future bilayer graphene-based devices and
potentially other bilayer nanomaterials.

METHODS
Graphene Growth on Cu Enclosure. The Cu foil (127 μm thick,

99.9%, product no. 13380, lot no. F29X145) was purchased from
Alfa Aesar. Before growth, the Cu foil was pretreated by dipping
the foil into Ni etchant (nitric acid, Transene Company Inc.) for
30 s, followed by rinsing using DIwater. The envelopewasmade
by folding a 1 in. by 2 in. copper strip and crimping the edges
using pliers. For electrical polishing, we used phosphoric acid
(85%, Macron) mixed with DI water (3:1) as electrolyte. For a
typical growth process, the substrate was first heated to 1050 �C
under 10 sccm H2 with a pressure of 350mTorr for 20 min. Then
the substrate was annealed at this temperature under the same
condition for 30min before we started to flow 1.5 sccm CH4 and
50 sccm H2. After growth, we turned off the furnace and the
substrate was cooled in the same atmosphere. For the Cu
enclosures with improved sealing, we crimped the edges as
usual and annealed the enclosure at 1065 �C for 10 min at
420 mTorr as an additional step.

Graphene Transfer. Wecoated the graphene onCuwith a layer
of poly(methyl methacrylate) (PMMA, 950 A9, MicroChem,
diluted to 4.5% in anisole) at 2500 rpm for 1 min. After coating,
we placed the sample in an oven at 80 �C for 10 min. Then the
Cu was removed by floating the coated sample on the Cu
etchant (CE-100, Transene Company Inc.) for 1 h. Subsequently,
we washed the PMMA/graphene and transferred it to a SiO2/Si
substrate. The PMMA was removed by acetone and 3 h thermal
annealing at 350 �C under 200 sccm H2 and 200 sccm Ar.

Characterization. The surface profile was taken by using Dek-
tak Profilometer IIA (Sloan Technology Corp.). SEM images were
taken using a Zeiss Supra 40 instrument with an acceleration
voltage of 5 keV. The thickness of the Cu foil was also measured
by using a digimatic micrometer (Mitutoyo, model MDC-1).
Transmittance was measured from the ultraviolet�visible spec-
trometer (Cary 5000, Varian).
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