
Large-Area Synthesis and Fabrication of Few-Layer hBN/Monolayer
RGO Heterostructures for Enhanced Contact Surface Potential
Chinnasamy Sengottaiyan, Masanori Hara, Hiroki Nagata, Hibiki Mitsuboshi, Chellamuthu Jeganathan,
and Masamichi Yoshimura*

Cite This: ACS Omega 2024, 9, 26307−26315 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hexagonal boron nitride (hBN) has a property
similar to that of graphene, and it has become one of the most
popular materials due to its flexible physical and chemical
properties for a variety of applications, especially in nano-
electronics. Enhanced properties of hBN-based heterostructures
are crucial for future electronic devices. In this work, a sheet-like
hBN crystal was synthesized and transferred onto SiO2/Si
substrate and reduced graphene oxide (RGO)/SiO2/Si substrate.
Accordingly, the hBN and hBN/RGO films are investigated by
optical microscopy, X-ray diffraction, high-resolution transmission
electron microscopy, Raman spectroscopy, and atomic force microscopy. The thickness of a single hBN layer is approximately 0.4
nm. A few layers of hBN stacked in large areas are mostly observed in both hBN and the hBN/RGO films. By using Kelvin probe
force microscopy, it was found that the hBN/RGO heterostructure has a contact surface potential higher than that of the hBN layer.
The large-scale synthesis and fabrication of hBN/RGO films could be extended to fabricate other van der Waals heterostructures.

1. INTRODUCTION
Emerging 2D materials and the fabrication of their
heterostructures offer exciting prospects for next-generation
quantum, electrochemical, photonic, and electronic device
applications.1−3 According to previous reports, efficient heat
dissipation in high-speed integrated electronic devices is a key
factor in further improving their performance and consis-
tency.4,5 Besides, graphene and boron nitride are flexible 2D
materials that offer a wide range of applications owing to their
unique surface properties and atmospheric stability.6−8

Hexagonal boron nitride (hBN) is more attractive because
of its low dielectric constant and high thermal stability
compared to other phases such as cubic BN (c-BN), wurtzite
BN (w-BN), and amorphous BN (a-BN) crystal lattices.8−10

Thus, hBN combined with graphene heterostructures has low
contact resistance at the interface and allows many holes and
electrons to pass through during device operation.11,12

Some interesting heterostructures have been reported: hBN
layers were grown on highly ordered pyrolytic graphite
(HOPG) by high-temperature plasma-assisted molecular
beam epitaxy (PA-MBE),13 BN-graphene-BN heterostructures
were prepared by the van der Waals (vdW) approach with
polymer-free assembly,14,15 chemical vapor deposition (CVD)-
grown 2D materials (hBN and graphene) were transferred by
electrochemical delamination,16,17 graphene or hBN was
developed on an expensive catalyst substrate of platinum,18,19

and the single-crystalline bulk hBN or graphite was
mechanically transferred by manipulation processes.20−22

These heterostructures were extensively analyzed for their
surface and electrical properties. Factors such as surface
contamination, interfacial bonding, material compatibility, and
processing conditions could play important roles in determin-
ing the cleanliness and quality of contacts. Therefore, the
assembly of heterostructure films using a simple technique is
crucial for practical applications.

The CVD method is based on the dissolution and separation
of boron and nitrogen atoms using transition metal catalysts,
which appears to be a more favorable route for the synthesis of
high-quality hBN.17,23−26 Significant safety and economic
factors should be considered if the method involves toxic
precursors and expensive machinery.24 One of the key
challenges for the large-scale fabrication of hetero 2D thin
films is the transfer process of one 2D film and the integration
of other 2D.27−30 However, this is not scalable for practical
applications, where films require a uniform distribution of a
large number of hBN/graphene structures over a large area.

In this work, a low-cost approach to synthesize hBN with a
few nanometers thickness is developed to overcome the above
limitations. For the first time, we developed hBN on an RGO
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film by using a drop-casting method with a simple solution
process. The fabricated heterostructures of hBN/RGO exhibit
interesting surface and electrical properties that are different
from those of the hBN and RGO films. The low-cost
fabrication of 2D−2D heterostructures and their improved
surface properties represent a new direction for fabricating
other multiheterostructures, improving device performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Boric acid (H3BO3, Wako), urea (CH4N2O,

Wako), graphite powder (Alfa Aesar), sulfuric acid (H2SO4),
silicon/silicon dioxide (Si/SiO2) substrate, potassium perman-
ganate (KMNO4), sodium nitrate (NaNO3), hydrochloric acid
(HCl), dimethylformaldehyde (DMF), distilled water, and
ethanol are used for the synthesis processes without further
purification steps.
2.2. Synthesis of hBN. hBN was prepared using the

following procedures: 100 mL of deionized water was
combined with boric acid and urea in a molar ratio of 1:24,
and the mixture was stirred at 80 °C. After complete
evaporation of the water, the resulting white solid sample
was referred to as-prepared hBN. The as-prepared hBN was
placed into a tube furnace and heated for 5 h at various
temperatures under an N2 environment with a flow rate of 100
cc/mL (Figure S1a). After the reaction, the oven was cooled
naturally, and the resulting samples were used for further
testing. It is worth noting that the synthesized hBN (syn-hBN)
at 900 °C exhibits a sheet-like morphology (Figure S2). Thus,
syn-hBN can be used for thin film fabrications.
2.3. Fabrication of RGO Film. The modified Hummers’

method was used to synthesize graphene oxide (GO),31,32 and
the reduced graphene oxide (RGO) film was prepared
according to our previous report.33 In detail, the SiO2/Si

substrate was cleaned with acetone and distilled water,
followed by UV−O3 plasma treatment (TC-003, Meiwafo-
sis.Co., Ltd.), which was performed to remove all chemical
residues and improve the hydrophilicity. GO was dispersed in
DMF (1 mg/mL), followed by ultrasonication and centrifu-
gation, which were performed several times to remove bulk
GO flakes. The exfoliated GO was then dispersed in a
stoichiometric amount of DMF. Afterward, a 5 μL portion of
the GO dispersion was spin-coated at 3000 rpm for 10 min.
The prepared GO film was dried at 80 °C overnight. Finally,
the conversion from GO to RGO film was achieved through
ethanol-assisted heat treatment at 800 °C for 1 h in 3% H2/Ar
by using a homemade quartz furnace.
2.4. Fabrication of hBN and hBN/RGO Films. The

prepared RGO film or SiO2/Si substrate was used for the UV−
O3 plasma treatment. Subsequently, the synthesized hBN (1
mg) was dispersed in ethanol (5 mL), and the ultrasonication
and centrifugation were repeated several times to remove bulk
hBN flakes. The exfoliated hBN was dispersed in ethanol, and
10 μL of the hBN dispersion was drop-cast onto an RGO film
or SiO2/Si substrate and then dried at 60 °C for 2 h. The
resulting hBN or hBN/RGO film is examined for further
characterization. The stages of fabrication development for
RGO, hBN, and hBN/RGO films are listed in Figure 1.
2.5. Characterization. The crystal structure was examined

using a Rigaku Miniflux X-ray diffractometer (XRD) with
CuKα radiation (λ = 0.70932 Å). Thermal stability and
structural changes were measured by thermogravimetric
analysis (TGA, DTG-60H SHIMADZU). The morphology
of the samples was examined using a scanning electron
microscope (SEM, HITACHI, S-4700) and a transmission
electron microscope (TEM, JEOL JEM 2100-Plus) at 100 kV.
Before the TEM measurement, the syn-hBN was dispersed in

Figure 1. Fabrication of (a) hBN, (b) RGO, and (c) hBN/RGO on SiO2/Si substrates.

Figure 2. (a) TGA curves of the as-prepared material and syn-hBN, with an enlarged TGA curve of the as-prepared hBN shown in the inset, and
(b) XRD patterns of synthesized GO and syn-hBN.
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ethanol (1 mg/mL), and 20 μL of the dispersed hBN was
dropped onto a Cu-grid, followed by drying at 80 °C for 2 h.
Prior to SEM imaging, the synthesized and fabricated samples
were coated with gold (Quorum 300T D) to avoid
overcharging of the samples. Raman spectra and mapping
were recorded with a RENISHAW InVia Raman spectrometer
(λ = 532 nm). The chemical composition and band structure
of the syn-hBN and fabricated films were characterized by X-
ray photoelectron spectroscopy (XPS, Ulvac-PHI Inc., model
PHI 5000 Versaprobe II). The surface structure and the
potential of the fabricated films were determined using an
atomic force microscope (AFM) and a Kelvin probe
microscope (KPFM) (Multimode 8, Bruker). The conductive
microcantilever was used with a spring constant of 2 N m−1

and a resonance frequency of 70 kHz (OPUS, 240AC-PP).

3. RESULTS AND DISCUSSION
3.1. Structural Evaluation of syn-hBN and GO.

3.1.1. XRD and TGA. The thermal stabilities of the as-prepared

hBN (35 mg) and the synthesized hBN (5 mg) are examined
by the thermal gravimetric analysis (TGA) measurement
(Figure 2a). It is noted that the synthesized hBN has a higher
thermal stability than the as-prepared hBN. The as-prepared
hBN shows three stages. The first stage occurs at 30−100 °C,
which corresponds to the desorption of water molecules.34 The
second stage at 100−250 °C is the decomposition of the
hydroxyl groups. The third stage occurs at 250−400 °C and
refers to the interruption and decomposition of amine and the
formation of carbonyl groups.35,36 The gradual weight loss at

400−1200 °C is the formation of boron nitride from
amorphous to crystalline nature and subproducts such as
HBO2, H2B4O7, and B2O3.

37 After completion of the TGA
measurement at 1200 °C, about 1 mg of boron nitride was
finally obtained (inset Figure 2a). Note that hBN exhibits
constant stability in the temperature range of 800−1000 °C,
indicating that the phase structure was maintained. For further
evidence, Figures S1b and S2d clearly show that above 1000
°C, the hBN changes in crystallinity and morphology as well. It
was also found that hBN synthesized at high temperatures can
be easily functionalized using organic solvents.38 Significantly,
the syn-hBN (900 °C) material has thermal stability from 250
°C after removing some hydroxyl groups and impurities from
the air-stored state. The crystallinity of GO and hBN samples
synthesized at different temperatures is investigated by using
XRD, as shown in Figures 2b and S1b. The syn-hBN shows
characteristic peaks at 2θ = 25.5 and 42.6, corresponding to
(002) and (100) planes, respectively,39,40 and GO exhibits
peaks at 2θ = 11.3 and 41.5, which are (001) and (100) planes,
respectively.32 Note that no additional peaks can be seen,
which confirms the purity of the synthesized materials, and
further crystallinity of hBN is investigated by HR-TEM.

3.1.2. SEM and TEM. The surface morphology of syn-hBN is
shown in Figure 3. The low-magnification SEM and TEM
images inFigures 3a,b and S3 show an aggregated sheet-like
morphology. Figures 3c and S3c show the layered or few-
layered interactions of hBN. The syn-hBN exhibits an
improved crystalline nature, which is evident in clear lattice
fringes with an interlayer spacing of d(002) = ∼3.5 Å,41,42 as
seen in the HR-TEM image (Figures 3d and S3d). Based on
the TGA results, the BN synthesized at different temperatures
showed different morphologies, such as aggregated particles,
sheets, and flakes (Figure S2). In addition, an atomic ratio of
1:0.91 of B and N was observed in syn-hBN, corresponding to
the N deficiency in dominance of oxygen,43 and a uniform
distribution of B and N atoms was confirmed in the EDS
mapping and their spectra (Figure S4).
3.2. Thin Film Results. 3.2.1. Optical and SEM Images.

Figure 4 shows optical microscopy and SEM images,
confirming that RGO and hBN films have layered/sheet
structures uniformly distributed on SiO2/Si substrates. The
RGO sheets exhibited a rough surface compared to the silicon
substrate (Figures 4a and S5), and the SEM image showed a

Figure 3. (a) SEM, (b,c) TEM, and (d) HR-TEM images of syn-
hBN.

Figure 4. (a−c) Optical microscope images of RGO, hBN, and hBN/RGO films and (d−f) SEM images of the RGO, hBN, and hBN/RGO films.
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high distinguishability of the RGO sheets (Figure 4d). In the
optical images, the hBN layers were evenly distributed on the
SiO2/Si substrate (Figure 4b) and the RGO film (Figure 4c).
However, the shape and size of 2D hBN were varied (Figure
4e). Previous studies have reported similar surface structures
on copper foil, which were subsequently transferred to silicon
substrates.32,44 Figure 4f illustrates the layered structure in the
RGO/hBN film, which is consistent with the observations in
both the RGO and the hBN films.

3.2.2. Raman Spectra. The chemical structure of RGO and
hBN was investigated by Raman spectroscopy, as shown in
Figure 3. The hBN film exhibits a peak at 1377 cm−1

corresponding to the E2g vibrational mode of the B−N
bond.45 The secondary shoulder peak on the E2g band is
attributed to impurities from the carbon or silicon.46,47 The
reduction was confirmed by the ID/IG ratio, with calculated
values of 1.03 (GO) and 1.48 (RGO), respectively (Figure
5a).32,48 However, the ID/IG ratio of the heterostructure hBN/
RGO does not provide any information about the defect
density or the degree of graphitization due to the overlap of the
D and E2g bands.49 Notably, the D band in hBN/RGO exhibits
a redshift of about 30 cm−1 and covers the shoulder peak
compared to hBN (Figure S6a). The hBN/RGO film shows
peaks at 1346, 1590, and 2691 cm−1, which can be assigned to

Figure 5. (a) Raman spectra of hBN, GO, RGO, and hBN/RGO films. Raman mapping of the hBN/RGO film: (b) optical image and its selected
area, with corresponding maps of the D, G, and 2D bands in parts (c−e).

Figure 6. XPS survey spectra of (a) GO, RGO, hBN, hBN/RGO films, and syn-hBN and XPS deconvolution spectra of hBN/RGO film: (b) B 1s,
(c) N 1s, (d) C 1s, and (e) O 1s.
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the D with E2g (hBN), G, and 2D bands, respectively.50 The
intensity of the 2D bands of RGO and hBN/RGO films was
increased compared to the GO film, attributable to the removal

of oxygen and the increasing graphitization in RGO. This was
evident in the Raman mapping of the hBN/RGO film, which

Figure 7. RGO film results: (a) AFM image, (b) height profile, and (c) AFM image with corresponding (d) KPFM. hBN film results: (e) AFM
image with corresponding (f) KPFM and (g) AFM image with corresponding (h) height profile.
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compared the intensity ratio of the individual bands (Figures
5b and S6b).

3.2.3. XPS. The chemical compositions and bonding state of
the fabricated films were confirmed using XPS. The survey
XPS spectra confirmed the existence of carbon, oxygen, boron,
and nitrogen (Figure 6a). The deconvolution spectra show the
bonding state of the composite (Figure 6b−e). The B 1s
spectra from hBN/RGO and hBN films were observed with
two peaks at 190.5 and 192.1 eV, corresponding to the B−N
and B−O bonds, respectively (Figures 6b and S7a).51

Furthermore, carbonaceous species are formed during the
high-temperature synthesis of hBN, and oxygen-containing
compounds result from the oxidation of boron in the precursor
sources.26,49 The heterostructure film exhibited a petite
redshift due to the vdW interaction between two different
hexagonal lattice structures consisting of C�C and B−N
during the fabrication of the film. In the N 1s spectra (Figures
6c and S7b), two peaks appear at 398.1 and 399.2 eV,
corresponding to N−B and N−H bonds, respectively.52−54

The peak at 284.5 eV is attributed to sp2 (C�C), while the
peak at 288.6 eV can be assigned to C�O (Figures 6d and
S8c).33 The C−O peak on GO is higher than that on RGO,
which is evident in the heat reduction under N2/H2 (Figure
S8). In the O 1s deconvolution spectra (Figures 6e and S8d),
the large peak at 532.5 eV is assigned to C−O and the weak
peak at 533.6 eV could be attributed to an O−C−O.55

3.2.4. AFM and KPFM Images. Figure 7 shows AFM images
of RGO and hBN. In Figure 7a, we observed distributions of
single-layer RGO, and in some places, an overlap of two single-

layer RGO sheets was observed. The average thickness of
single-layer RGO was determined to be ∼0.35 nm (Figure
7b).56,57 The uniform and large-area distribution of the RGO
layers is shown in Figure 7c. This arrangement was observed
across the entire substrate, indicating the fabrication of mostly
continuous monolayer films over large areas with a few areas of
bilayer RGO surface (Figure 7c). The absence of aggregated or
wrinkled RGO layers across a large area offers potential
benefits for practical applications, especially in graphene
devices. This characteristic could serve as a beneficial factor
for creating a conductive RGO substrate, especially when
considering the expensive deposition of gold and silver in
electronic applications. However, the corresponding surface
potential map is evident in the KPFM image (Figure 7d). In
Figures 7e and S9, the flower-like 2D hBN layer can be seen on
a large scale. Figure 7f shows the local potential difference of
Figure 7e. Note that the hBN layer has smaller potential (∼30
mV) differences compared to the RGO layer. The electrical
resistivity of hBN is quite high,11,58 so the hBN may shield the
high-temperature operation and avoid short circuits in the
devices. Thus, we conclude that the heterostructure film of
hBN/RGO compensates for all of these rectifying necessities.
Figures 7g and S10 show the topographic AFM images, which
revealed a clear layer-by-layer stacking of the hBN. The
number of layers was calculated by the thickness of each layer
from the SiO2/Si surface. The layers comprised 1 to 4 hBN
layers, and the thickness of each layer was estimated to be 0.4
nm (Figure 7h), which agrees with the monolayer thickness of
hBN.58−60

Figure 8. hBN/RGO film: (a) AFM image with the corresponding (b) height profile, (c) KPFM image, and (d) adhesion force image.
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The vdW heterostructures of hBN/RGO are illustrated in
Figure 8, and it can be observed that the RGO and hBN layers
are stacked at the heterojunction, as shown in Figures 8a and
S11. The height difference of the hBN was ∼1.6 nm (Figure
8b), which corresponds to a stacking of 4 hBN layers. We have
already confirmed that the monolayer thickness is 0.4 nm from
Figure 7g. In the stacked heterojunction region, the height of
the RGO is about 0.35 nm (Figure 8b), which is similar to a
monolayer RGO thickness from Figure 7b. Figure 8c shows the
corresponding KPFM image of the hBN/RGO film, providing
insight into the surface potential difference observed within the
heterostructures. In general, some factors may affect the
measurement of the potential map, such as the lift height of the
probe, the probe tip, the biased voltage, and surface
adsorption. Therefore, we use the following formulas 1 and 2
to estimate the contact surface potential difference (CPD)
between the RGO, hBN, and probe tip.61−63

CPDhBN tip hBN= (1)

CPDRGO tip RGO= (2)

where Φtip, ΦRGO, and ΦhBN are the work functions of the AFM
tip, RGO, and hBN, respectively. Thus, the difference in
contact surface potential between RGO and hBN was
estimated to be 205 mV (Figure 8c). The fact that uniform
films of hBN/RGO and RGO were easily obtained, but the
heterostructure film was a quiet challenge for the desired
uniformity due to the hydrophobic nature of the RGO film. In
the AFM image of the hBN/RGO heterostructure, a flat film
structure with a few-layer thickness was observed, similar to
those of RGO or hBN films. Additionally, KPFM results of the
hBN/RGO heterostructure indicated enhanced contact surface
potential values compared with those of the RGO or hBN
films. This phenomenon could arise due to various factors such
as charge transfer between the two materials, interface effects,
or changes in the electronic structure upon their combination.
However, a comprehensive analysis is necessary to fully
elucidate the underlying mechanisms. Note that this work
does not require expensive deposition or sputtering machines
to fabricate the film. We believe that our approach is
potentially scalable and that the fabrication of large-area
hBN/RGO films may promote the efficient creation of vdW
heterostructures in future nanoelectronic devices.

4. CONCLUSIONS
We have successfully synthesized scalable 2D hBN and
fabricated exfoliated hBN with a controlled thickness. The
calculated thicknesses of the monolayer and few-layer hBN
were 0.4 and 1.9 nm, respectively. The few-layer thickness of
hBN was effectively reproduced by using an RGO film. Raman
mapping and XPS studies on hBN/RGO heterostructures
confirmed structural deformation and graphitization growth
behavior, supported by the RGO film’s higher ID/IG values
(1.48) compared to the GO film (1.03). In the AFM results of
the hBN/RGO heterostructure, similar surface properties were
observed for both the hBN (0.4 nm) and RGO (0.35 nm)
thicknesses. Furthermore, the KPFM results of the hBN/RGO
heterostructure indicated a higher contact surface potential of
205 mV compared with those of the RGO and hBN films. The
proposed work offers a cost-effective approach for the mass
production of hBN with the desired two-dimensional structure
for both solid-state and thin film applications.
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