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Graphene and hexagonal boron nitride (h-BN) have similar
crystal structures with a lattice constant difference of only
2%. However, graphene is a zero-bandgap semiconductor
with remarkably high carrier mobility at room temperature'3,
whereas an atomically thin layer of h-BN%° is a dielectric
with a wide bandgap of ~5.9 eV. Accordingly, if precise two-
dimensional domains of graphene and h-BN can be seamlessly
stitched together, hybrid atomic layers with interesting elec-
tronic applications could be created’. Here, we show that
planar graphene/h-BN heterostructures can be formed by
growing graphene in lithographically patterned h-BN atomic
layers. Our approach can create periodic arrangements of
domains with size ranging from tens of nanometres to milli-
metres. The resulting graphene/h-BN atomic layers can be
peeled off the growth substrate and transferred to various plat-
forms including flexible substrates. We also show that the tech-
nique can be used to fabricate two-dimensional devices, such
as a split closed-loop resonator that works as a bandpass filter.

Graphene/h-BN  hybrid structures can exist in various
configurations, one of which is a vertically stacked graphene and
h-BN heterostructure superlattice!®-'°. We have shown previously
that such heterostructures can be grown using a two-step chemical
vapour deposition (CVD) method in which h-BN is grown on gra-
phene!®. An alternative configuration of these hybrid structures is an
in-plane graphene/h-BN atomic layer in which the two materials
are seamlessly integrated into a lateral heterostructure!. In-plane
graphene/h-BN  heterostructures with randomly distributed
domains can be synthesized with CVD using a mixed carbon
(CH,) and h-BN (ammonia borane) source (Supplementary
Fig. S1)!7. However, the fabrication of novel electronic devices will
require the size and shape of the different domains to be
engineered precisely.

Figure la presents a schematic illustration of the steps in the
fabrication of planar graphene/h-BN structure landscapes with con-
trolled domain shapes at larger sizes (millimetre range). The h-BN
films were synthesized using the CVD method with ammonia
borane (NH;-BH;) powder as the precursor and copper/nickel
foils as the substrates (see Methods)'®. The as-prepared h-BN was
partially etched with exposed regions defined by laser-cut masks.
Few-layer graphene was grown on the etched regions at 1,000 °C
using CH, (4 s.c.c.m.) as the carbon source and Ar/H, as carrier
gas. Figure 1b shows a photo of an as-prepared graphene/h-BN

sample on a copper foil. The various patterns (comb, bars and
rings) with darker contrast are graphene, and the remaining areas
are covered by h-BN. Figure 1c shows a graphene/h-BN comb struc-
ture floating in deionized (DI) water after coating with poly(methyl
methacrylate) (PMMA) as a supporting layer and etching away the
copper substrate using 10% HNO;. A scanning electron microscopy
(SEM) image of a graphene ring structure surrounded by h-BN
regions is shown in Fig. 1d, where the light regions are graphene
and the dark regions correspond to h-BN. With h-BN as the sup-
porting matrix, the as-prepared graphene/h-BN devices can be
transferred to any arbitrary substrate, including silica (Fig. le) or
polydimethylsiloxane (PDMS) (Fig. 1f), and the whole film contain-
ing heterostructure domains remains mechanically intact during
transfer from the growth substrate.

To fabricate the graphene/h-BN patterns with smaller feature
sizes, photolithography was used to produce masks in various pat-
terns for subsequent argon ion etching, as shown in Figure 2.
Figure 2a,d presents SEM images of a sketch of an owl (the symbol
of Rice University) and an array of circles, made from graphene in
plane with h-BN. Heterostructures with other patterns have also
been fabricated, as shown in Supplementary Fig. S2. The darker
regions in these SEM images are h-BN layers. Figure 2b,e presents
the corresponding optical images, in which graphene is in purple
and h-BN in light blue. The thickness of the h-BN layer is controlled
by the growth conditions to be less than 2 nm, and similarly for the
graphene layers (Supplementary Fig. S3). Fracture was rarely observed
at the interface between the graphene and h-BN, even after transfer-
ring the graphene/h-BN films to other substrates, demonstrating
good interfacial continuity between the different landscapes.
Figure 2¢,f shows Raman maps of the corresponding patterns using
the graphene 2D Raman peak at ~2,700 cm ™. Figure 2gh presents
SEM images of alternating stripes of graphene/h-BN (width of
each line, ~10 wm). Photolithography and argon ion etching can
produce a feature size on the graphene/h-BN landscape as small as
a few micrometres, whereas the focused ion beam (FIB) method pro-
vides an alternative direct etching method for the creation of nano-
scale patterns, feasibly generating line features as small as ~100 nm
(Fig. 2i, Supplementary Fig. S4).

To characterize the interface between graphene and h-BN,
Raman spectroscopy, atomic force microscopy (AFM) and aberra-
tion-corrected  scanning transmission electron microscopy
(STEM) were used. Figure 3a shows the Raman spectra collected
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Figure 1| Creation of millimetre-sized graphene/h-BN in-plane heterostructures. a, lllustration of the fabrication procedure for in-plane graphene/h-BN
heterostructures. Steps: preparation of h-BN films using the CVD method; partial etching of h-BN by argon ions to give predesigned patterns; subsequent
CVD growth of graphene on the etched regions. b, Optical image of the as-grown graphene/h-BN patterned layers (shaped as combs, bars and rings) on a
copper foil. Light areas are h-BN and dark areas are graphene. ¢, Optical image of a graphene/h-BN film separated from copper, on water, after coating with
PMMA and etching the copper foil. d, SEM image showing an h-BN ring surrounded by graphene. e f, Graphene/h-BN owl patterns that have been
transferred on silica and PDMS, respectively. Insets: optical images of individual owls.

from the graphene layers, h-BN layers, and also their interface. In
the graphene and h-BN regions (indicated by black and blue
arrows, respectively), the Raman spectra can be identified perfectly
as pure graphene and h-BN. In the h-BN regions, vibration mode
E,, was observed, but no peaks from the carbon dopant (D or G
peak) were detected, suggesting that there were no carbon impurities
doped into the h-BN lattice during the growth of graphene.
Furthermore, all the intrinsic vibration modes from both h-BN
and graphene could be found at their interface. A further examin-
ation of the interface was performed by AFM, as shown in
Fig. 3c,d. Figure 3b shows an optical image of the graphene/h-BN
alternating striped film used for AFM characterizations. The
height topography and corresponding current-sensing image are
shown in Fig. 3c,d, respectively. The height difference between the
graphene and h-BN regions is barely noticeable (Fig. 3c, inset),
but the graphene and h-BN can be differentiated in the current-
sensing image. STEM imaging and elemental analysis with electron
energy-loss spectroscopy (EELS) provided us with more detail about
the interface, as shown in Fig. 3e-h and Supplementary Figs S5-S7.
The graphene and h-BN regions are difficult to differentiate
under conventional transmission electron microscopy (TEM), but
annular dark-field (ADF) STEM imaging provides a better way to
show the difference in contrast for the layers (Supplementary
Fig. S6a,b). Figure 3e shows a STEM-ADF image of the
h-BN/graphene interface (slight variation in thickness can be
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quantified via the image intensity; Supplementary Fig. S5). The
bright contrast in the graphene region originates from the
polymer residuals and hydrocarbon contaminations produced
during TEM sample preparation. The interface can be more
clearly observed using EELS. Figure 3f,g shows the EELS boron
and nitrogen spectrum imaging maps for the entire area shown in
Fig. 3e. Indeed, a sharp lateral interface between the h-BN and gra-
phene layers can be observed in these maps. The intensity line
profile (Fig. 3f, inset) of the boron map across the interface further
shows that the sharpness of the graphene/h-BN interface is within
1 nm, corresponding to a single pixel in the line scan. The average
N/B ratio from the whole h-BN region is quantified to be 1.1+0.1
from the EEL spectrum, confirming the stoichiometry of the h-BN
film. The detailed atomic structure of the graphene/h-BN interface
is shown in Fig. 3h in a STEM bright-field image, with the position
of the interface highlighted by a dashed line. The lattice fringes
from the h-BN layer are clearly visible, although the presence of
polymer residuals makes it difficult to directly resolve the lattice of
graphene from the image. However, the fast Fourier transform
(FFT) pattern (Fig. 3i) of the image shows the diffraction spots
from both graphene and h-BN. The dashed circle in Fig. 3i marks
the 2.13 A spacing of graphene, and the six h-BN spots can be ident-
ified inside the graphene ring.

To further confirm that the graphene and h-BN are grown
contiguously in the same plane, depth profiles were obtained
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Figure 2 | Creation of micro- to nanoscale patterned graphene/h-BN in-plane heterostructures. a-c, SEM image, optical image and Raman mapping of
micrometre-sized owl pattern (symbol of Rice University). Scale bars, 100 pm. The owl contour is designed in h-BN, and the remainder is graphene. Raman
mapping is performed with the 2D peak of graphene at ~2,700 cm ™. d-f, SEM image, optical image and Raman mapping of a graphene/h-BN array of
circles, with graphene circles embedded in an h-BN matrix. Scale bars, 50 wm (d), 50 wm (e) and 10 pm (f). gh, SEM images of graphene/h-BN stripes.
Scale bars, 50 um (g) and 10 pm (h). i, SEM image of graphene/h-BN strip structure with graded strip dimensions, fabricated by FIB etching of h-BN and
subsequent graphene growth. The widths of each strip, from top to bottom, are 1um, 500 nm, 200 nm and 100 nm, respectively. Scale bar, 1 um.

using X-ray photoelectron spectroscopy (XPS) at the in-plane
graphene/h-BN structure (Supplementary Fig. S8), and the results
were compared with those for vertically stacked graphene/h-BN
(which we have published previously'®). The XPS depth profile was
obtained by alternating sputtering of the sample (layer-by-layer) and
collecting XPS spectra, to provide the distribution of elements in
the z-direction. For the vertically stacked graphene/h-BN structure
(Supplementary Fig. S8e), the intensity of carbon increased slightly
during the first few sputtering processes due to the removal of the
top BN layers, and then decreased when part of the graphene
layer began to be etched away. In contrast, for the graphene/h-BN
heterostructure developed in this study (Supplementary Fig. S8d),
the intensities for all elements (boron, nitrogen and carbon)
decreased monotonically, confirming the in-plane distribution of
all elements, that is, the formation of a lateral graphene/h-BN
lateral heterostructure.

To evaluate the impact of the lithographically defined graphene/
h-BN structure on device transport properties, field-effect transistor
(FETs) devices were fabricated based on a film composed of alterna-
tive stripes of pristine graphene and graphene/h-BN (Fig. 4a-c).

The applied source-drain voltage was 1 mV. The insets show the
linear I-V characteristics obtained at zero gate, as well as a
schematic of the devices. Device mobility was estimated to be
n= (dIdS/dVg) x [L/(WCVy)] (ref. 19), where L is the channel
length (~100 wm), W is the channel width (~10 pm) and C, is
the areal capacitance per unit area between the channel and back-
gate (~1.2 x 10~ ® F cm™?). The mobilities in Fig. 4a,b are ~1,700
and 520 cm® V™' 57!, respectively. For the pristine graphene and
graphene/h-BN FETs (Fig. 4ab), we obtained comparable
mobilities (ranging from ~190 to 2,000 cm® V™' s™") for various
devices. No gating effect was observed for the graphene/h-BN
FETs with current flowing perpendicular to the stripes (Fig. 4c).
Although versatile and high-performance graphene/h-BN elec-
tronics have been demonstrated, devices using such heterostructures
require complex and challenging multistep fabrication processes.
Our approach of creating in-plane graphene/h-BN interfaces
introduces a new approach to integrating two-dimensional hetero-
structures into device architectures. Such devices could be ‘grown’
in a furnace with seamless integration of graphene and h-BN into
rational engineered atomic layers, and then transferred onto
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Figure 3 | Raman, AFM and TEM characterization of graphene/h-BN interfaces. a, Raman spectra collected at the graphene, h-BN and their interface in a
graphene/h-BN film. b, Optical image of alternating stripes of graphene and h-BN. ¢,d, AFM height topography and corresponding current-sensing image of
the graphene and h-BN interface from the area indicated in b. Inset (¢): height profile. e, STEM-ADF image showing the graphene/h-BN interface. The left
part is h-BN and the right is graphene. f.g, EELS mapping of boron and nitrogen from the area shown in e. Inset (f): intensity profile along the trajectory

in the dashed box, showing the sharp interface between the h-BN and graphene. h, STEM bright field (BF) imaging of the graphene/h-BN interface,
highlighted by the dashed line. i, Corresponding FFT diffraction patterns showing the diffraction spots from graphene and h-BN. The dashed circle marks

the 2.13 A spacing of graphene.

arbitrary substrates. This approach makes it possible to fabricate
fully hybrid two-dimensional structures that could act as fully func-
tional devices. As a demonstration, we fabricated a graphene/h-BN
split closed-loop resonator (Fig. 4d-f; Supplementary Figs S9-S11),
with h-BN serving as an insulating dielectric matrix for the active
graphene component, all fabricated in-plane. An optical image of
the device is shown in the inset to Fig. 4d. The flexibility of the gra-
phene/h-BN atomic-layer devices, as a result of their extraordinary
mechanical properties'®?, makes these two-dimensional devices
very attractive for flexible electronic applications.

We further characterized the high-frequency response of this
resonator using an Agilent N5230C PNA Microwave Network
Analyzer. The measured results for the insertion (|S,;]) and
return loss (|S,;]) are shown in Fig. 4d. The resonating frequency
is located at ~1.95 GHz, a value close to the value for copper micro-
strips with similar geometries?'?2. This can be understood, as the
resonator can be modelled as a serial RLC circuit. The resonance
frequency is determined by the equivalent inductance L and
capacitance C according to 1/[27+/(LC)] . The results for the equiv-
alent RLC circuit are shown in Fig. 4e,f. S,; and S;; are calculated
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Figure 4 | Graphene/h-BN FET and split closed-loop resonator. a-c, Electrical measurements of pristine graphene and graphene/h-BN stripe FET devices:
pristine graphene-based FET (a); graphene/h-BN FET with current flowing along the graphene stripes (b). ¢, Graphene/h-BN FET with current flowing
perpendicular to the stripes. Insets: current-voltage behaviour and schematics of the devices. d-f, Radio frequency (RF) measurements of graphene/h-BN-based
split closed-loop resonator. Plot of insertion (|S,|) and return (|Sy;|) loss versus frequency (d). Inset: optical image of the two-dimensional graphene/h-BN
layer resonator. Size, ~3 cm x 3 cm. Insertion (e, S5, and S,3) and return (f, S;; and S53) loss versus frequency. Blue curves are calculated results. Red and
orange curves are experimental results at room temperature and 350 °C, respectively.

results (blue), and S,; and S;; are experimental results (red and
orange). The fitting values are as follows: R=65(), L =30 nH
and C= 220 fF. We noticed that the shapes of the calculated S
parameter versus frequency are very similar for both §;; and S,,.
The devices were measured from room temperature to 350 °C,
and showed similar behaviours at all temperatures. Compared with
conventional metal-based microstrips*'~2*, such graphene/h-BN
microstrips can serve as active and transfer-ready atomic layers
for the fabrication of both compact and flexible microwave
components, such as bandpass filters, couplers, antennas and so
on. Furthermore, carefully engineered hybrid atomic layers
incorporating both metal and dielectric components, such as this
graphene/h-BN resonator, are also a good supplement to many
other graphene devices, including amplifiers, multipliers and
mixers**?* for high-frequency applications.

In conclusion, we have demonstrated the creation of graphene
and h-BN in-plane heterostructures with controlled domain sizes
by using lithography patterning and sequential CVD growth steps.
Feature sizes as small as 100 nm can be fabricated using this
approach. Importantly, the shapes of the graphene and h-BN

domains can be controlled precisely, and sharp graphene/h-BN
interfaces can be created. Through the appropriate combination of
different two-dimensional layers, entire devices could be engineered
in a single atomic layer. Such hybrid structures will pave the way for
the development of future flexible two-dimensional electronic and
optical devices?.

Methods

Preparation of graphene/h-BN heterostructures and FET devices. The h-BN
layers were grown on copper or nickel foils by the CVD method with ammonia
borane (NH;-BHj;) as the precursor. The substrates were annealed at 800 °C

for 20 min in 800 mtorr Ar/H, flow. The furnace was then heated to 1,000 °C.
Simultaneously, the ammonia borane was sublimed at ~100 °C with a heating belt
and then carried into the reaction region by an Ar/H, gas flow (15 vol% H, balanced
by 85 vol% argon). During growth, the Ar/H, gas was kept at ~400 mtorr. The
typical growth time for h-BN was 10-30 min. The masks required to pattern h-BN
films can be made by a laser-cutter (following a deposition of 300 nm chromium
on them as a protecting layer) with a feature size of ~200 wm. Masks prepared
by photolithography have a smaller feature size, down to 1 um. For the
photolithography approach, photoresist S1813 was directly coated on the
as-prepared h-BN films on copper/nickel foils and subsequently baked at 115 °C for
60 s. After exposure (Suss Mask Aligner, MKB4), the samples were developed using
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MF319. With masks covering h-BN films, the Phantom III Reactive Ion Etch (RIE)
System was used to etch graphene/h-BN samples with argon ions. The power and
argon flow rate were 100 W and 10 s.c.c.m., respectively. The reaction time ranged
from 10 to 60 s depending on the thickness of the h-BN. The photoresist on the
copper foil was removed with acetone and Remover PG. We noticed that a longer
etching time made it hard to remove the photoresist. A FIB system (FEI 235 Dual-
Beam) was also used to pattern samples without using masks, giving a feature size as
small as 100 nm. The beam current was ~40 pA.

The etched samples were transferred to another CVD furnace for the growth of
graphene. To grow graphene, the temperature was first raised to 950 °C with 10 torr
Ar/H, gas flow. The Ar/H, gas was cut off when the temperature reached 950 °C,
and 4 s.c.c.m. CH, was introduced into quartz for ~10 min for growth of the
graphene. A fast annealing process was carried out at a rate of 50 °C min~ ' under
the protection of a 500 mtorr Ar/H, atmosphere. The as-grown graphene/h-BN
split closed-loop resonator was transferred onto the SiO,/silicon substrate.
Gold/titanium (30 nm/4 nm) electrodes were deposited on both leads of the
graphene (Fig. 4a), then connected to SubMiniature version A (SMA) connectors for
high-frequency measurements. Calibrations were performed using the standard
cal-kit before measurements.

The bottom-gated graphene and graphene/h-BN FETs were first transferred
onto a SiO,/Si (285 nm) wafer, and chromium/gold (3 nm/40 nm) electrodes
were pre-patterned on them using photolithography. The FET devices were
measured at a probe station (Desert Cryogenic TT-probe 6 system) under vacuum
(1x107°to 1 x 10~ ° torr) connected to an Agilent 4155C semiconductor
parameter analyser.

Characterizations of graphene/h-BN heterostructures. A field-emission SEM
(JEOL 6500F) was used to characterize the morphology of the graphene/h-BN
samples. Raman spectroscopy (Renishaw inVia) was used for sample analysis with
514.5 nm laser excitation. For Raman mapping, a total of 3,456 spectra (15 um
spacing) were collected for Fig. 2c and 225 Raman spectra (4 wm spacing) for Fig. 2f.
XPS (PHI Quantera) was used for chemical analysis of the samples using
monochromatic aluminium Ka X-rays. Depth profiles were performed with an
accelerated-voltage 3 KV argon ion beam and an alternative mode within an etching
area of 2 nm x 2 mm to etch the graphene/h-BN films. MultiPak software was used
for the data analyses. AFMs (Agilent PicoScan 5500 and Veeco Digital Instrument
Nanoscope IIIA) were used to obtain film thicknesses and topographical variations
of the samples. The STEM experiments were performed with an aberration-
corrected Nion UltraSTEM, operating at 60 kV (ref. 27). EEL spectra were collected
using a Gatan Enfina spectrometer, with an EELS collection semi-angle of 48 mrad.
The convergence semi-angle for the incident probe was 31 mrad. ADF images were
collected for a half-angle range of ~86-200 mrad.
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