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. High-quality large-area graphene/h-BN vertical heterostructures are promising building blocks for many

. viable applications such as energy harvesting/conversion, electronics and optoelectronics. Here, we

. successfully grew high-quality large-area graphene/h-BN vertical heterostructures on Pt foils by one-

. batch low-pressure chemical vapor deposition (LPCVD). We obtained the high quality of about 200-um-

. wide graphene/h-BN film having uniform layer thickness. Moreover, the obtained graphene/h-BN

. heterostructures exhibited field effect mobility of up to 7,200 cm?V—1s—1 at room temperature. These
results suggest that such graphene/h-BN heterostructures on recyclable Pt foils grown by LPCVD are
promising for high-performance graphene-based electronics.

: Vertical heterostructures based on 2 dimensional (2D) layered materials such as graphene and h-BN have
. emerged as a new paradigm of functional materials". Representing the thinnest and the most common 2D
. heterostructures, graphene/h-BN, have recently attracted great attentions due to their remarkable morpholog-
- ical, electrical, and thermal properties®=°. Such heterostructures have stimulated extensive interest for exploring
© some novel physics issues, such as fractional quantum Hall effect®, commensurate-incommensurate transi-
. tions’, Hofstadter’s butterfly behaviors®, and ballistic transport®. Thus, securing reliable methods for producing
* large-area, high-quality graphene/h-BN heterostructures becomes the most significant step for related fields. One
. plausible strategy for producing graphene/h-BN vertical heterostructures is based on layer-by-layer transfer of
. separately exfoliated 2D layers via a two-step process'®!!. However, such a two-step process has some drawbacks
. during the transfer process, such as unwanted charge trapping that originates from any transfer-induced contam-
* inants and defects, and poor surface flatness during the transfer; all of these are undesirable for obtaining high
. quality graphene/h-BN vertical heterostructures'>'. These drawbacks negatively affect the electrical and optical
: characteristics of graphene. Up to now, there have been some attempts for a direct CVD-based growth method
. of graphene on h-BN films to overcome these outstanding issues. Direct CVD-based growth of graphene on
- h-BN films may enable not only to obtain large-area uniform graphene films but also to reliably form versatile
- graphene/h-BN vertical heterostructures'*-1°. However, this approach still suffers from many technical issues
© such as poor quality of h-BN films, small size of graphene grains on h-BN, and h-BN film degradation that is
© caused by etching by H- and/or O-containing gaseous species during the growth of graphene>!”.

: In this work, we successfully grew continuous, large-area graphene/h-BN vertical heterostructures on recycla-
: ble Pt foils of 6 mm x 25 mm using one-batch LPCVD method. The growth process was implemented by employ-
. ing a recyclable Pt foil and CH, gas as the substrate and the carbon precursor carrier, respectively. We found
: that using a single layer h-BN film as the substrate allows us to obtain graphene/h-BN heterostructures, because
. direct growth of graphene on h-BN can retain the pristine properties of graphene. Furthermore, facile transfer
. of graphene/h-BN vertical heterostructures (directly grown using the LPCVD method) onto arbitrary substrates
: via a straightforward electrochemical bubbling-based release method presents a unique recipe for fabricating
* many viable devices'®. Our transfer method provides an additional advantage, i.e., it is characterized by a rapid
- process and extended use of recyclable Pt foils. The field effect mobility of the fabricated graphene/h-BN hetero-
© structures based field effect transistors is as high as 7,200 cm?*V~!s~! at room temperature, suggesting that our
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Figure 2. Schematic of the method for transferring graphene/h-BN onto a 300-nm-thick SiO,/Si substrate
using the electrochemical bubbling transfer method.

approach of directly growing graphene/h-BN heterostructures on Pt foils using LPCVD can be quite promising
for high-performance graphene-based electronics.

Results and Discussion

LPCVD growth of graphene on h-BN/Pt foil and electrochemical bubbling method transfer of
graphene/h-BN film from Pt foil.  Figures 1 and 2 show the schematic of the LPCVD system for growing
single-layer graphene on h-BN/Pt foils and electrochemical bubbling method-based transfer of a graphene/h-BN
film onto a 300-nm-thick SiO,/Si substrate, respectively (more details are provided in the Methods section).

Optical micrographs and Raman spectra.  Optical microscopy and Raman spectroscopy were used for
determining the surface features and the structural quality of h-BN and graphene/h-BN films. Figure 3(a),(b)
show the optical image and the Raman spectrum of the h-BN film. Figure 3(a) reveals that the surface of the h-BN
film is continuous without impurities and wrinkles, suggesting a high-quality h-BN film. Figure 3(b) reveals
that the Raman spectrum of the h-BN film exhibits a peak at ~1,371 cm ™!, demonstrating that the h-BN film is a
single layer'>°. Figure 3(c) suggests that, in terms of optical inspection, the graphene/h-BN film on the SiO,/Si
substrate is continuous and large area. Figure 3(d) shows the Raman spectrum of the graphene/h-BN film trans-
ferred onto the SiO,/Si substrate along with the Raman spectrum of a bare SiO,/Si substrate. The two locations
A and B, representing the regions of the bare SiO,/Si substrate and the graphene/h-BN film respectively as in
Fig. 3(c), were chosen for comparison, and the corresponding Raman spectra are shown in Fig. 3(d) in red and
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Figure 3. Optical images and Raman spectra of h-BN and graphene/h-BN transferred onto a 300-nm-thick SiO,/
Si substrate. 3(b) Raman spectrum of single-layer h-BN in (a). (d) Raman spectra of graphene/h-BN and SiO,/Si
substrate in (c), where A represents the region of the SiO,/Si substrate and B is the region of graphene/h-BN.

pink respectively. While the red spectrum reveals no peaks, the pink spectrum features clear G and 2D peaks of
graphene at 1,600 cm ™! and 2,690 cm !, respectively. The I,,/I; peak intensity ratio was well over 2, and the full
width at half maximum (FWHM) of the 2D band was estimated to be 37 cm™!. This observation clearly indicates
that the graphene film is a single-layer?!. The scanning Raman mappings of the h-BN peak, G peak, 2D peak of
the graphene and I,/I; intensity ratio over a 75 pm X 75 pum area with a spot size of 2 pm and a step size of 2 pm
were obtained, as shown in Fig. 4. Figure 4 (a) shows that the Raman mapping of h-BN peak regions indicated the
uniform of h-BN. Moreover, the Raman mapping of the G peak (the range from 1580 to 1600 cm™!), 2D peak (the
range from 2670-2690 cm™!), as well as I,,/I; intensity ratio (was close to 2), also revealed that the graphene film
was grown on h-BN film (Fig. 4(b-d)).

Figure 5(a-f) show the optical images of the graphene/h-BN film grown on the Pt foil, for different growth
times. When the growth time was under 10 min, poor-quality graphene on the h-BN was obtained, and on visual
inspection, the surface of graphene was found to be discontinuous (Fig. 5(a),(b)). For the growth time of 15 min,
the surface of the graphene/h-BN film was continuous, but some particulate defects were observed (Fig. 5(c)). For
the growth time of 20 min, the surface of the graphene/h-BN film was clearly continuous over a large area with-
out any appreciable defects (Fig. 5(d)). For longer growth times (25 min and 30 min), the surface of the resulting
graphene/h-BN film featured some wrinkles (Fig. 5(e),(f)). Based on these observations, we concluded that the
optimal growth time is 20 min, for which large area graphene/h-BN film were reliably obtained. We also varied
the CH, (from 0.5 sccm to 10 sccm) and H, (from 5 sccm to 100 scem) flow rates while keeping the growth time
to 20 min, to assess the effects of these manipulations on the growth characteristics. Similar characteristics were
found as a function of gas flow rates (Figures S1 and S2 in the supporting information). It should be noted that
we also investigated the influence of different growth times on both the Raman spectra characteristics and the
FWHM values. For instance, Fig. 5(g),(h) show that the I,/I; intensity ratio is nearly the same (i.e., I,p/I > 2)
and the FWHM values are quite similar (36-39 cm™!). These results also confirm that the grown graphene is a
single-layer®?. Furthermore, the Raman peak characteristics (including the FWHM values) were quite similar for
different CH, and H, flow rates (Figures S3 and S4 in the supporting information). These results clearly indicate
that the graphene/h-BN heterostructures can be reliably obtained using the LPCVD.

Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy
(HR-TEM) characterizations. Figure 6(a) shows a representative SEM micrograph of a single-layer h-BN
transferred onto a 300-nm-thick SiO,/Si substrate. The h-BN surface is continuous, which is consistent with the
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Figure 4. Raman mappings of graphene/h-BN heterostructures: Raman mappings of (a) h-BN peak; (b) G
peak; (c) 2D peak; (d) Lp/I.

corresponding optical images. The SEM images of the graphene/h-BN film are shown in Fig. 6(b)-(d). From
Fig. 6(b), it can be seen that the continuous graphene film is grown on the h-BN film. In particular, as clearly
shown in Fig. 6(c),(d), direct growth of graphene on the h-BN film is successfully realized, which not only allows
obtaining continuous graphene film, but also forms graphene/h-BN heterostructure for viable device applica-
tions. Figure 6(e) shows the HR-TEM image of graphene/h-BN vertical heterostructure. The selective area elec-
tron diffraction (SAED) pattern is also shown in Fig. 6(f). As evident from this figure, a clear hexagonal Moiré
pattern of graphene/h-BN sample was observed with the rotation angle of about 5.5° and the Moiré pattern period
of about 2.514 nm, suggesting that graphene and h-BN are not precisely aligned. However, the SAED patterns
revealing symmetric diffraction spots, Raman spectra and electrical transport data, indicate that high quality
graphene/h-BN vertical hetero-structure with a rotation angle of 5.5° between graphene and h-BN.

Atomic Force Microscopy (AFM) characterization. The atomic structure and thickness of the h-BN
and graphene/h-BN films were determined using AFM. Figure 7(a) shows the AFM image of the h-BN film,
indicating that the h-BN film thickness is about 0.5 nm, which supports our claim that the obtained h-BN film is
single-layer'*?. Figure 7(b) shows the AFM image of the graphene/h-BN film transferred onto the 300-nm-thick
Si0,/Si substrate. Based on the analysis performed in Fig. 7(b), the graphene grown directly on the h-BN film
exhibits a smooth surface, and the thickness of the graphene/h-BN film is approximately 1.17 nm, revealing that
graphene on h-BN film can easily form graphene/h-BN vertical heterostructures.

The CVD-based synthesis of uniform-thickness single layer h-BN films grown on Pt foils with a borazine
source has been reported elsewhere!*?*. A borazine source was catalytically decomposed on the Pt surface, lead-
ing to the self-limiting growth of the single-layer without the associating precipitation, which was very similar
to the growth of graphene on Cu. The single layer h-BN film was obtained uniformly over the entire Pt foil,
regardless of the Pt lattice orientation!>?. Besides, h-BN is an exceptional 2-dimensional dielectric material
for graphene field effect transistors (FETSs), owing to atomically flat and dangling-bond-free h-BN, significantly
minimizing the interfacial charge trapping. Moreover, h-BN has a hexagonal structure that represents a typical
sp?-hybridized material, quite similar to archetypal 2-dimensional graphene*?° (the lattice constants are similar:
2.456 A for graphene and 2.504 A for h-BN). The van der Waals epitaxy growth of graphene on h-BN film has
been reported by many researchers'>'”-?’. By taking advantage of the single-layer h-BN films grown on Pt foils,
our approach to the epitaxial growth of graphene could be very effective for realizing uniform graphene on h-BN
films in a controlled manner. Different from the LPCVD growth of graphene on metal foils such as Cu, Ni and
Pt, the surface of a metal catalyst plays a key role in the decomposition of gas molecules and the nucleation of
absorbed atoms during the growth process. Hence, with the help of catalytic Pt foil covered by the single-layer
h-BN film, the decomposition and nucleation sites were effectively controlled. Hence, the CH, gas must have been
decomposed owing to the presence of underlying catalytic Pt foil during the growth process. As the growth time
increases, the carbon atoms may suffuse swiftly over h-BN film. Additionally, because the h-BN film has a flat
surface, with increasing the growth time, the uniform graphene film would be grown on h-BN film. Therefore, the
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Figure 5. (a—f) Optical images of graphene on h-BN, for growth times of 5, 10, 15, 20, 25, and 30 min,
respectively. (g) Raman spectra and (h) FWHM of the 2D band of graphene on h-BN, for growth times of 5, 10,
15, 20, 25, and 30 min.

high-quality graphene film can be grown on h-BN/Pt foil through the systematic optimization of growth condi-
tions (CH, flow rate, H, flow rate and growth time). (See Fig. 3(c) and Fig. 5). It should be noted that the h-BN/Pt
foil not only possesses controllable catalytic effects but also promotes the high-quality graphene growth on h-BN/
Pt foil. Hence, the graphene film can be uniformly grown on the h-BN layer.

Electrical transport characterization. To investigate the electrical transport properties of graphene/h-BN
films, we fabricated graphene-based FETs (GFETs) with 40 pm long and 10 pm wide channels by transferring a
graphene/h-BN film onto a 100-nm-thick SiO,/Si substrate with Cr/Au (20/50 nm) as the source and drain elec-
trodes as shown in Fig. 8(a). The heavily doped p-type Si (~10*/cm?®) substrate was used as a bottom gate that
modulates the charge density in the graphene.

Graphene field effect transistors (GFET) by using two different types of graphene grown on h-BN film and
transferred on SiO, were prepared to evaluate their electrical characteristics following a standard photolitho-
graphic procedure. Figure 8(a),(b) present an optical image of the fabricated GFET device structure and resistivity
(p) vs. gate voltage (V) curves for both GFET devices, respectively. We obtained the hole mobility of up to 3,900
and 7,200 cm?V ~'s~! and the electron mobility of up to 3,600 and 7,000 cm>V ~!s™1, respectively using the simple
Drude model?*-*. Note that the charge carrier mobility values of the graphene grown on h-BN is higher than
those of the graphene transferred on SiO,. We believe that these observations are attributed to the fact that the
intrinsically atomic-flat h-BN not only provides a low number of dangling bonds between graphene and h-BN,
but also minimizes graphene’s structural defect density and the doping level owing to its excellent chemical sta-
bility and isostructural nature. Therefore, h-BN film is considered an ideal substrate to synthesize high-quality
graphene. It should be noted that the mobility values observed in our devices are 2 to 3 times higher than those
reported elsewhere for LPCVD grown graphene on h-BN film*"*2. Moreover, the histogram of the carrier mobility
values and the average Vy;, for up to 60 devices, shown in Fig. 8(c and d), suggests that the graphene/h-BN het-
erostructure exhibits high carrier mobility, in the 2,000-8,000 cm?V ~!s™! range. It is important to note that such a
high carrier mobility obtained for our graphene/h-BN heterostructures strongly suggests that a direct CVD-based
growth of graphene on h-BN using Pt foils is very promising for constructing high-performance graphene-based
FETs and tunneling devices, and is advantageous compared with two-step transferred graphene on h-BN film.
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Figure 7. AFM images of samples. (a) Single-layer h-BN, and (b) graphene on h-BN transferred onto a
300-nm-thick SiO, substrate.

We demonstrated direct growth of graphene/h-BN vertical heterostructures on Pt foils using the CVD
method. Moreover, we found that using a single-layer h-BN/Pt foil as a substrate not only presents an ideal plat-
form for obtaining continuous graphene/h-BN vertical heterostructures but also enables to realize desirable elec-
trical characteristics of graphene. Direct growth of graphene on h-BN films retains the pristine properties of
graphene by avoiding the interfacial contamination, thus yielding a clean interface between the graphene and the
h-BN film. On the other hand, because the lattice structures of graphene and h-BN are very similar, during the
growth procedure the carbon atoms will suffuse a large area on the h-BN film by diffusion, yielding large-area
graphene/h-BN heterostructures. Our graphene/h-BN heterostructure exhibits high carrier mobility, in the
2,000-8,000 cm*V~'s~! range. Such a high carrier mobility obtained for our graphene/h-BN heterostructures
strongly suggests that such graphene/h-BN heterostructures on recyclable Pt foils grown by LPCVD can be a
promising approach for high-performance graphene-based electronics.

Methods

LPCVD growth of single-layer graphene on h-BN/Pt foil. The growth process was implemented by
employing a Pt foil and CH, as the substrate and the carbon precursor carrier, respectively. A single-layer h-BN
on the Pt foil was grown using the LPCVD method following our previously developed synthetic method that
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Figure 8. Electrical transport properties of graphene on h-BN. (a) Optical microscopic images of the device.
(b) The longitudinal resistance R vs. the applied gate voltage V., including the graphene grown on h-BN and
graphene transferred on SiO,. (c) Histogram of the carrier mobility distribution of graphene grown on h-BN
and graphene transferred on SiO,. (d) Histogram of the average Dirac point of graphene grown on h-BN and
graphene transferred on SiO,.

was reported elsewhere’. In addition, to avoid detrimental etching of h-BN films by H-containing gaseous
species during the growth of graphene, a 1.5m long quartz tube furnace with moving rails, allowing easy posi-
tioning of the furnace (i.e. heating zone) over some length of the quartz tube. Figure 1 shows a schematic of the
LPCVD system for growing high-quality large-area graphene on h-BN/Pt foils. A subsequent growth process
for obtaining high-quality single-layer graphene on a single-layer h-BN on a Pt foil was as follows: The h-BN/Pt
foil was first placed in the furnace region labelled “B” which was kept at room temperature; the furnace region
labelled “A” was then heated up using Ar and H, gas flows from room temperature to 1000 °C for 25 min; when
the temperature reached 1000 °C, the furnace was then repositioned from “A” to “B” to avoid H, etching during
the growth of graphene over the h-BN film. It should be noted that h-BN/Pt foil was kept at room temperature
during the process of the furnace heating and was only exposed right after the temperature reaches 1000 °C.
This is a key step for avoiding H, etching as we can minimize the reaction time to etch away h-BN during the
graphene growth. The Ar gas flow was then turned oft and gaseous CH, was introduced; the growth of graphene
continued for 20 min; after the growth, H, was turned off and the furnace was moved from “B” to “A” to allow
a natural cool down to room temperature. The optimization of growth parameters for obtaining high-quality
large-area single-layer graphene on the h-BN/Pt foil was systematically performed by varying the H, and CH,
flow rate as well as the growth time.

Transfer of graphene/h-BN film using the electrochemical bubbling method. Figure S1
schematically shows the electrochemical bubbling method-based transfer of a graphene/h-BN film onto a
300-nm-thick SiO,/Si substrate. First, the graphene/h-BN/Pt foil was spin-coated with polyvinyl alcohol
(PVA) and poly methyl methacrylate (PMMA) layers. The sample was then kept in vacuum for 24 hr. After
establishing the vacuum, the electrochemical bubbling method was used for transferring PMMA/PVA/
graphene/h-BN onto a 300-nm-thick SiO,/Si substrate. The PMMA/PVA/graphene/h-BN/Pt foil and a pure
Pt foil were used as the cathode and the anode, respectively; a NaOH aqueous solution (1.0 M) was used as the
electrolyte at room temperature. The bubbling transfer method was used with a stable current of 1 A, and the
corresponding electrolytic voltage was run between 5-10 V and was applied for 2-5min. After the PMMA/
PVA/graphene/h-BN film was peeled off from the Pt foil, the sample was cleaned 3 times using deionized
water to remove the residual NaOH solution, after which the sample was transferred onto a 300-nm-thick
SiO,/Si substrate. Finally, the sample was dipped in acetone for 10 min to remove PMMA and then kept in hot
water (100 °C) for 15 min to remove PVA.
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Characterizations. Optical micrographs were acquired using optical microscope (Olympus, Olympus
DX51). The surface morphology was measured using field-emission scanning electron microscope (JEOL
JSM7401F) and transmission electron microscopy (JEOL 2100 F, 200kV). The film thickness and the surface
topography were measured using an atomic force microscope (Veeco, Dimension 3100). Raman spectra were
measured using a micro Raman microscope (Renishaw, InVia Basic) with a 532-nm-wavelength laser.
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