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In recent years, two-dimensional atomic-level thickness crystal materials have attracted widespread

interest such as graphene, hexagonal boron nitride (h-BN), silicene, germanium, black phosphorus (BP),

transition metal sulfides and so on. These graphene-like two-dimensional (2D) materials have a lot of

excellent characteristics such as high specific surface area and high Young's modulus, and many

potential applications in diverse areas such as photo-electricity, catalysts, and transistors. In this review,

we introduced the synthesis, structure, properties, and applications of graphene, h-BN, and their

heterostructures, especially focused on their mechanical, optical, thermal, electric, and magnetic

properties. Finally, we present the outlooks and perspectives for these types of excellent 2D materials

and their potential applications.

1 Introduction to the two-
dimensional materials
1.1 Introduction to graphene

Graphene is a single layer of graphite sheet, constituting the

basic unit of graphite, carbon nanotubes, fullerenes, and other

carbon materials (Fig. 1(a)).1,2 Before the experimental discovery

of graphene, because of the effects of thermal expansion,

theoretical and experimental scientists believed that at nite

temperatures strict two-dimensional crystals could not be

stable. However, in 2004, Geim and Novoselov3 produced

a single layer of carbon in atoms-level thickness using micro-

mechanical exfoliation (Microexfoliation) and studied the

electric eld effect (see Fig. 1(c)) and carried out a series of

studies on the produced graphene, which dispelled the

previous hypothesis.4–7

Graphene comprises honeycomb-dimensional crystals

closely arranged by sp2 hybridized carbon atoms, and hexagonal

geometry makes graphene structure very stable.8 Each interlayer

carbon atom bonds with the surrounding carbon atoms by sp2

hybridization, and contributes a non-bonding electron to form

a large p bond, to allow the electrons to move freely between the

layers.
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Graphene is the thinnest and hardest nanomaterial,9 with

a tensile strength of 125 GPa, an elastic modulus of 1.1 TPa, and

a two-dimensional ultimate plane strength of 42 N m�2. Gra-

phene's carrier mobility is 2 � 105 cm2 (V�1 s�1)10,11 and is only

affected by impurities and defects. Graphene's thermal

conductivity is up to 5.5 � 103 W (m�1 K�1).12,13 Theoretically,

graphene's specic surface area is up to 2630 m2 g�1. These

unique physical properties make graphene to be widely applied

in many areas of nanoelectronic devices, spin electronics,

energy storage, and thermal conductivity materials.

1.1.1 Carbon nanotubes (deformation of graphene): prop-

erties compared with graphene. Carbon nanotubes (CNTs) are

one-dimensional nanomaterials with a special structure.7,14 It

can be regarded as a nanometer-scale hollow tubular structure

made of a single-layer or multi-layer graphene sheet (Fig. 1(b)).

According to the different number of layers in CNTs, CNTs can

be divided into SWNTs15–17 and MWNTs.18 According to the

arrangement of carbon atoms in the cross-section of single wall

CNTs, these can be further categorized into armchair or zigzag

CNTs.19,20 According to the different electronic structures of

SWNTs, these can be categorized into metallic and semi-

conductive (i.e. non-integral) SWNTs.21,22

The C]C covalent bond of carbon nanotubes makes the axial

Young's modulus of carbon nanotubes reach as high as 5

TPa,20,23,24 while the length–diameter ratio is as high as 104, the

comparison area is more than 1500m2 g�1 (ref. 25 and 26) and the

current carrying capacity is up to 109 A cm�2;27,28 One of the optical

properties of carbon nanotubes is their wide band absorption.29,30

As a good thermal conductor, the axial thermal conductivity of

CNTs is up to 6600 W (M�1 K�1), with excellent eld emission

characteristics, where its emission current mainly comes from the

occupied states being slightly lower than the Fermi level.

As representatives of one-dimensional and two-dimensional

nanomaterials, while graphene is composed only by a single

carbon atomic layer, this is the true sense of a the two-

dimensional crystal structure. Compared with graphene, carbon

nanotubes have a higher total amount of carbon atoms, making

themselves have a lower energy of the edge dangling bonds than

graphene, which can stabilize the molecules in the air without

them reacting with the air. From a performance standpoint, gra-

phene has similar or more excellent characteristics than carbon

nanotubes in terms of conductivity, carrier mobility, thermal

conductivity, free electron moving space, strength and stiffness.

Graphene and carbon-nanotubes have different applications

formany reasons, but ultimately the differences can be attributed

to the difference between one-dimensional materials and two-

dimensional material. For example, a single carbon nanotube

can be regarded as a single crystal with a high length–diameter

ratio; however, the current synthesis and assembly technology

cannot prepare the carbon nanotube crystals in a macroscopic

scale, which limits their applications. While, an advantage of

graphene is that it is a two-dimensional crystal structure, and its

strength, conductivity and thermal conductivity are among the

best of other two-dimensional crystalmaterials and it has a broad

range of application prospects because of the ability of having

a large area of continuous growth.

1.2 Introduction to graphene-like two-dimensional crystals –

hexagonal boron nitride

Hexagonal boron nitride (h-BN),31 which belongs to a hexagonal

system, is a white block or powder, has a layered structure

Fig. 1 (a) The basic unit of the other C material – graphene.1 (b) The
relational graph between graphene and carbon nanotubes.7 (c) Gra-
phene film and devices (flow chart of graphene prepared by
mechanical stripping method from A to E).3
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similar to the graphene lattice constant and similar character-

istics, and is sometimes referred to as ‘white graphene’.32–34 h-

BN is a lattice alternately arranged by B atoms and N atoms in

a two-dimensional plane by hexagonal lattice formation,

showing a honeycomb structure (Fig. 2). The N atomic nucleus

and B atom are combined by an sp2 orbital to form a strong s

bond,35–39 with the interlayer combined by weak van der Waals

forces such that it can slide easily between the layers and has

so lubricating properties.

In 1995, Nagashima et al. used an epitaxial growth on

a variety of metal surfaces to obtain h-BN crystals.40 A team from

the University of Manchester adopted a micro-mechanical

peeling method in 2005 to successfully prepare a two-

dimensional h-BN.41 The band gap of h-BN is about 5.9 eV,

while the Mohs' scale of hardness is about 2, the bulk modulus

about 36.5 GP, the heat conductivity layer up to 600–1000 W

m�1 K�1, the coefficient of thermal expansion layer about �2.7

� 10�6 per �C (interlayer about 30 � 10�6 per �C) and the

refractive index about 1.8, and furthermore, it has neutron

absorption ability.42–45 In addition, its anti-oxidation tempera-

ture is 900 �C and its thermos ability is up to 2000 �C, while at

2700 �C, in an inert environment it remains stable. Finally, h-BN

also has good process ability, such as thermal shock resistance

to electrical vibration, high resistance to break down the electric

eld strength, and is non-toxic and environmentally friendly,

with no wettability to various metals or chemical corrosion and

has other excellent physical and chemical properties, and

consequently is widely used.46–53

1.3 Introduction of graphene/h-BN as a two-dimensional

composite

Graphene has very good electronic properties. However, it will

be a challenging to make graphene into nanoelectronic devices.

Moreover, good mechanical stability is required when using

scanning probe technology to detect micro-graphene.54 A

substrate can be introduced to solve this problem, whereby, the

introduction of the substrate can open up the graphene band

gap, thereby improving the switching performance of graphene

electronics.

There have already been a lot studies into graphene and the

substrate materials, such as Co,55 Ni,56–59 Ru60,61 and Pt,62,63 as

well as semiconductors SiO2 (ref. 64–66) and SiC,67–69 which can

be used as a substrate graphene. However, experiments show

that the graphene on top of these substrates is very uneven, and

it will have a lot of wrinkles, which could restrain the properties

of graphene. For example, SiO2 is the most common graphene

substrate, but on the SiO2 surface there are usually impurities,

which can cause the scattering of charge or act as charge traps.

Therefore, the growth and charge density distribution of gra-

phene on the SiO2 substrate is very uneven (Fig. 3),70 which

results in signicant suppression of the carrier mobility of

graphene. Recently, a lot of research studies have proven that

hexagonal boron nitride is an ideal substrate and is ideally

suited for graphene to maintain its geometrical and electrical

properties.

Monolayer graphene and h-BN have a similar lattice structure,

with a lattice mismatch of only about 1.5%.71 As a base, h-BN has

a smooth surface without any charge traps, and it also has a low

dielectric constant and high temperature stability as well as high

thermal conductivity and other properties. With a dielectric

constant 3 of 3–4 and a breakdown electric eld strength of about

0.7 V nm�1, h-BN is a great gate insulating layer for graphene.

The surface optical phonon energy of h-BN is two orders of

magnitude greater than that of SiO2, which indicates that using

h-BN as the substrate is likely to improve the performance of

graphene devices in conditions such as at higher temperature

and in a higher electric eld. In the h-BN single cell, the differ-

ence in grid energy between nitrogen atoms and boron atoms

leads to a broad band gap of about 5.9 eV,72 which can help open

the band gap of graphene. All the above show that h-BN is an

ideal substrate material for graphene.

Fig. 2 Flat structure diagram of h-BN. Blue on behalf of nitrogen
atoms and pink on behalf of boron atoms, respectively.34

Fig. 3 Comparison of the topography and charge density for gra-
phene/BN vs. graphene/SiO2.73

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 16801–16822 | 16803
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Dean et al., for the rst time using h-BN as a supporting

substrate of graphene, fabricated graphene transistors device

with high mobility,72 on which a clear graphene quantum Hall

effect was observed. Ponomarenko et al. (Fig. 3)73 used physical

transfer to combine thin sheets of graphene and h-BN crystals

to produce a heterojunction device with two single layers of

graphene crystals. At the same time, researchers have suc-

ceeded in achieving a variety of graphene heterojunctions and

superlattice structures with more complex structure;74–76 for

instance, researchers in the UK and the US observed the novel

Hofstadter Buttery phenomenon on graphene/h-BN hetero-

junction devices, respectively.77,78 Since then, researchers have

used a variety of methods to fabricate graphene/h-BN hetero-

structure functional devices, with the original purpose of

improving the quality and speed of preparation of graphene

instead of actually studying the performance of the graphene/h-

BN heterostructures.

The single layer graphene and h-BN have similar lattice

structure, and lattice mismatch is only about 1.5%.63 As a base,

h-BN has smooth surface without charge trap, and it also has

a low dielectric constant, high temperature stability as well as

high thermal conductivity and other properties. Hexagonal

boron nitride with dielectric constant 3 of 3–4, breakdown

electric eld strength of about 0.7 V nm�1, is great gate insu-

lating layer for graphene. The surface optical phonon energy of

h-BN is two orders of magnitude greater than that of SiO2,

which indicates that the using of hexagonal boron nitride as the

substrate is likely to improve the performance of graphene

device in conditions like high temperature and high electric

eld.17 In the h-BN single cell the difference of grid energy

between nitrogen atoms and boron atoms leads to a broad band

gap of about 5.9 eV,64 which can help open the band gap of

graphene. All above shows that h-BN is an ideal substrate

material for graphene.

2 Graphene
2.1 Structure of graphene

Ideal graphene is a single layer of two-dimensional atomic

crystals with an orthohexagonal lattice structure. The length of

the C–C bond is around 0.142 nm, and the thickness of the layer

is 0.35 nm. In each state, a single carbon atom forms a strong s

bond with its three nearest neighbours, respectively, by sp2

orbital hybridization, causing occupied and unoccupied states

to move away from each other. Each unit cell of graphene has

two types of sub-lattice, type A and B (Fig. 4a), and there are

chiral characteristics between the spins of electrons of A and

B.79

2.2 Preparation of graphene

The preparation of graphene can be classied into physical and

chemical methods, including mechanical peeling1 and epitaxial

growth,80 chemical cleavage,81 chemical vapour deposition

(CVD),11 low thermal expansion,82 nanotubes cutting,83 metal

catalysis and so on,84,85 as shown in Fig. 5.

Yu et al. summarized the progress on the direct growth of

graphene on semiconductor and insulator substrates in recent

years.86 Table 1 shows a comparison of the physical properties

between several materials and h-BN as substrates.

2.3 Physical properties of graphene

2.3.1 Mechanical and thermal characteristics of graphene.

The 2D honeycomb-shaped crystal structure endows graphene

with excellent in-plane mechanical properties. Lee et al.9 found

that the Young's modulus of graphene can reach 130 � 10 GPa

under the assumption of the thickness of the graphene layer of

0.35 nm,9 as shown in Fig. 6, and two-dimensional ultimate

plane strength of 42 N m�2. Gómez-Navarro et al.87 and Poot

et al. obtained the intensity values of different graphene layers

by various methods.88 As shown in the above studies, graphene

as a novel nanomaterial has excellent mechanical properties.

Because of the high modulus of elasticity and the long mean

free path of electrons, the thermal conductivity of graphene can

reach up to 3000–6000 W m�1 K�1. Hong et al.11 showed that

graphene's thermal conductivity was 5300 W m�1 K�1 but

decreases as the temperature increases.12,89 Seol et al. studied

graphene's thermal conductivity on a SiO2 substrate90 and the

results showed that the value of thermal conductivity was still as

high as 600 W m�1 K�1, even with the phenomenon of phonon

scattering occurring due to the transfer of heat between the

interface of the two materials. In addition, defects and the

unordered arrangement of the edges will reduce the thermal

conductivity of graphene (Fig. 7).91

2.3.2 Optical properties of graphene. Single-layer graphene

is colourless, so we always observe graphene with a substrate.

The light absorption intensity of graphene is irrelevant to the

frequency of light but appears to have a linear relationship with

the amount of graphene layers (Fig. 8).92,93 For a single layer of

graphene, the absorption and transmittance of visible light are

2.3% and 97.7%, respectively.94,95 Graphene has characteristics

of a wide band absorption and zero energy gap, so in the irra-

diation of near-infrared powerful light, the absorption of light

by graphene gets saturated and it exhibits nonlinear optical

behaviour. The unique zero-band-gap structure of graphene

makes it absorb light with no selectivity. In addition, the

defects, shape and quality of graphene all have effects on its

optical performance.

Fig. 4 (a) The relationship between distribution of A and B atoms in
the unit cell of graphene. (b) Corresponding Brillouin zone. The Dirac
cones are located at the K and M points.79

16804 | RSC Adv., 2017, 7, 16801–16822 This journal is © The Royal Society of Chemistry 2017
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2.3.3 Electrical characteristics of graphene. Graphene is

a zero-band-gap semiconductor with six highly symmetrical K

points in the Brillouin zone, and its conduction and valence

bands intersect at Dirac point (Fig. 9).79 Near the Dirac point,

the energy and momentum present a linear dispersion relation

E ¼ hvFK,
95 making the effective mass of electrons in graphene

equal zero – that is, the electron in graphene is a type of

massless Dirac Fermion.7

The unique band conguration of the Dirac point gives

graphene excellent conductivity. Electrons in graphene pass

through the barrier with 100% probability.96 Due to a strong

force between the carbon atoms, the collision of carbon atoms

has little effects on the motion of electrons. Chen et al., in 2008,

by limitation of the external conditions found that the carrier

mobility of graphene based on a SiO2 substrate could reach 4 �

104 cm2 V�1 s�1,64 which is comparable to the value of the best

eld-effect transistor, and at room temperature the carrier

mobility of suspended graphene could reach up to 2 � 105 cm2

V�1 s�1, which is 140 times the value of silicon. Claire Biel et al.

demonstrated that, in graphene, the mobility of electrons and

holes are equal.82 The conductivity of graphene can reach 106 S

m�1, which means it has the best conductivity among known

materials at room temperature.

Meanwhile, graphene has a bipolar eld-effect1 and the

transmission characteristics of a ballistic.82 Through graphene

atomic doping,97–99 control of the edge structure of graphene

nano-strips,100 the imposing of an external electric eld on the

graphene and related materials,101 it is possible to regulate the

size of the energy gap by adjusting the interaction between

graphene and substrate materials.102–105

2.3.4 Magnetic properties of graphene. Graphene does not

have d or f electrons, but this does not mean that graphene is

not magnetic. On the contrary, under certain conditions, gra-

phene can display paramagnetism and even ferromagnetism. In

the case of low temperature and a zero magnetic eld, the

electrical conductivity of graphene exists at a minimum value,

and the value is close to 4e2/h. Graphene is able to exhibit the

quantum Hall effect at room temperature, and it appears

anomalous with the quantum Hall effect at low temperatures

(below 4 K).106,107 Graphene has characteristics of “pseudo-spin”

and “pseudo-magnetic eld”, which appear as the properties of

electron spin and magnetic elds. Electron spin and current

injection and the detection of graphene were recently conrmed

at room temperature.108,109

Wang et al. applied various annealing temperatures to

oxidize graphene to regain its ferromagnetism at room

temperature.110 Geim et al. obtained diamagnetic nano-

graphene at room temperature and paramagnetic nano-

graphene based on low temperature (Fig. 10).111 Two recent

articles have pointed out that doped graphene under various

conditions has paramagnetism.112

2.4 Raman spectrum of graphene

In 2006, Ferrari et al. rst proposed the Raman spectroscopy

identication method for single-layer graphene (Fig. 11).113 The

major Raman spectrum characteristic peak for graphene is the

G peak, caused by in-layer transverse vibrations of sp2 hybrid-

ized carbon atoms, and this appears in the vicinity of 1580

Fig. 5 Several types of preparation methods of graphene (spectral
analysis of graphene prepared by CVD method is shown from a to e in
the left group figures. Sample image of graphene by epitaxial growth is
shown from a to e in the middle of group figures. Epitaxial growth of
graphene samples and their characteristics is shown from A to E in the
right group figures).11,84,85

Table 1 Comparison of the physical properties between several materials and h-BN

Al2O3 SiO2 Graphite Graphite diamond h-BN

Lattice constant Face-centred: 1.27 Orthogonal a ¼ 1.383 a ¼ 0.246 nm 0.3567 a ¼ 0.2504 nm

b ¼ 1.741

c ¼ 0.504 c ¼ 0.667 nm c ¼ 0.6661 nm

Face-centred 1.936
Thermal conductivity

(W m�1 K�1)

40 1.4 25–470 22 25.1

Dielectric constant 6.8 3.9 8.7 5.7 4

Fig. 6 Fracture test results (A) the test line corresponding to different
film diameters and tip radius. (B) Histogram and Gauss distribution of
two kinds of fracture forces.9

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 16801–16822 | 16805
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cm�1. The peak can effectively reect the number of layers of

graphene sheets, and is vulnerable to stress. With the increase

in the number of layers, N, the position of the G peak will move

to lower frequency, and this displacement of the movement is

related to 1/N.114 The G peak is susceptible to doping, and the

peak frequency and peak width can be used to detect the doping

level.115

The D peak usually refers to a disordered vibration peak of

graphene. The peak appears at 1270–1450 cm�1, with its specic

location related to the excitation wavelength.116 The peak is

caused by the lattice vibration of graphene keeping away from

the centre of the Brillouin zone, and is used to characterize

defects or the edge of the graphene sample. The 2D peak is

a two-phonon resonance second-order Raman peak, while the

double resonance process connection phonon wave vector and

the electronic band makes the frequency of the 2D peak

susceptible to excitation wavelength.117

Characteristic peaks can be used to determine the different

layers of graphene, and, as an optical means of almost zero

damage, Raman spectroscopy, which is widely recognized and

used by researchers, has greatly enhanced the efficiency of this

kind of identication.

3 Two-dimensional hexagonal boron
nitride (h-BN)
3.1 Structure of h-BN

As an analogy of graphene, B atoms and N atoms of a 2D h-BN

are alternately arranged to form a honeycomb structure,

following the law of a hexagonal lattice formation (Fig. 12).118,119

The B–N bond length is 1.45 Å, which forms through sp2

hybridization. Three sp2 orbits of each B atom combine with the

sp2 orbit of adjacent N atoms to form a strong s bond, likewise,

three sp2 orbits of each N atom combine with the sp2 orbit of

adjacent B atoms to form a strong s bond. Adjacent layers of h-

BN are combined with weak van der Waals forces, and in each

Fig. 7 Different widths of graphene nanosheets' thermal conductivity
changes at different temperatures ((a) The thermal conductivity
change images of different materials at 300 K. (b) The anisotropy test
images of different widths of nanoribbons at different temperatures).91

Fig. 8 Looking through one-atom-thick crystals.93

Fig. 9 Electronic dispersion in the honeycomb lattice.96

Fig. 10 Magnetic response of graphene ((a) Magnetic moment as
a function of magnetic field intensity at different temperatures from 2
K to 300 K. (b) Magnetic moment images with the changing temper-
ature for the same sample).111

Fig. 11 Raman spectra of ideal graphene and of different layers under
different wavelengths.113
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layer B atoms and N atoms are joined by covalent bonds. The

interlayer spacing of graphene is 0.335 nm, and the interlayer

spacing of h-BN is 0.333 nm, which is slightly less than that of

the graphite. In the c-axis direction of h-BN, the bonding force is

small and the interlayer spacing is large, making the interlayer

slide easily.120–134

3.2 Preparation of h-BN

Whether by experimental or theoretical considerations, h-BN

crystals have been prepared in many ways.40,133–143 Some basic

methods include: mechanical separation,38 chemical vapour

deposition (CVD),133,134 aqueous solvent thermal synthesis,135–137

solvent stripping and so on (Fig. 13).129,138

3.3 Physical properties of h-BN

3.3.1 Electrical characteristics of h-BN. The surface of a 2D

h-BN is smooth, while its lattice structure is very similar to

graphene. 2D h-BN has a large optical phonon mode, a wide

band gap, no dangling bonds or electron traps on the surface

and an local density approximation (LDA) calculated band gap

of about 4.5 eV and GW calculated band gap of 6.0 eV,118,139

which indicates it belongs to the wide band gap class of

insulators. Fig. 14 is a band structure of 2D h-BN.118 As Fig. 14

shows, h-BN has a direct band gap, and both the top and

rewinding bottom of the valence band are in the high symmetry

K point. The HOMO and LUMO levels of the system are deter-

mined by p and p* located on the N atom and B nucleus,

respectively.118

3.3.2 Force thermal characteristics of h-BN. The mechan-

ical properties of 2D h-BN are prominent.140,141 Song et al.

measured the mechanical properties of h-BN lm by using

a diamond tip to emboss the h-BN lm centra.133 As shown in

Fig. 15, E2D is a post-elastic coefficient, and 2D m s is the

pretensioned stress. A large number of experimental results and

theoretical calculations have shown that the Young's modulus

of the 2D h-BN is large (approximately 270 N m�1).

At room temperature, the thermal conductivity of h-BN is up

to 400 W m�1 K�1, which is higher than the majority of metals

and ceramic materials. h-BN has a typical anisotropy: having

a high thermal conductivity in the direction perpendicular to

the c-axis of 300 W (m�1 K�1), low thermal expansion coefficient

of 0–2.6 � 10�4 K�1, and a relatively high tensile strength (41

MPa). When parallel to the c-axis direction, h-BN has a lower

thermal conductivity of 20–30 W (m�1 K�1) and high

compressive strength, and so on.138,142–145

3.3.3 Optical properties of h-BN. In both the experimental

and theoretical calculations, 2D h-BN has no absorption in the

visible range, but has absorption spectroscopy in the ultraviolet

region and a good photoluminescence property. Geim et al.

changed the silicon-rays to detect the polishing process, using

an optical microscope to view a single atomic layer thickness of

h-BN.1 The electronic state of the materials can be reected by

the optical absorption properties,35 which are widely used to

calculate the band gap of semiconductors. We know the range

from 3.6 to 7.1 eV of the h-BN band gap energy from the

experiments of h-BN with different structures reported in the

available literature data.131

Fig. 12 Structure of h-BN. (A) Stereogram. (B) The 2D floor plan.118

Fig. 13 Preparation methods of h-BN with the mechanical stripping
method and the CVD method (The left group figures: (a) low
magnification and large defocus of the h-BN TEM images. (b) The
folding images for h-BN. The right group figures: (a) Photograph of
a large h-BN film on a silicon substrate. Scale bar is 1 cm. (b), SEM
image shows a h-BN film (scale bar 10 mm). (c and d) AFM image and
line-scan profile indicate that h-BN film has uniform thickness of a 1
nm. Scale bar is 2 mm).38,133

Fig. 14 Orbital property and electronic structure of h-BN.118
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Gao et al. measured the UV-vis optical absorption spectrum

of h-BN by investigating as-prepared h-BN nanosheets. From

Fig. 16, we can see that the absorption peaks around 251, 307

and 365 nm corresponds to a band gap energy of 4.94, 4.04, and

3.40 eV, respectively. These two absorption peaks at 307 and

365 nm are due to the optical transitions and the redistribution

of h-BN's electron–hole density between van Hove singularities

of excited state.131 As a wide band gap material,35,146 h-BN is

transparent in infrared and visible light, while in ultraviolet

light it has a strong optical absorption at 251 nm with a strong

exciton peak.131

3.3.4 Magnetic properties of h-BN. 2D h-BN is a non-

magnetic semiconductor with a wide band gap.146 Studies

have found that the introduction of doping or defects to 2D h-

BN systems can lead to spontaneous magnetization of h-BN.

Wu et al. calculated the condition that B atoms and N atoms

are replaced by carbon atoms,147,148 resulting in the generation

of spontaneous magnetism in 2D h-BN (Fig. 17). Si et al. found

that the vacancy defects of B atoms or N atoms in h-BN can also

lead to spontaneous spin magnetization.149 These studies

suggest that boron nitride nano-ribbons can present excellent

half-metallic magnetism in a variety of states.150

By researching no passivation and passivation with zigzag

boron nitride nano-ribbons, Lai et al. found that its system pres-

ents as semi-metallic,150 while the nitrogen atom edge passivation

is not magnetic. V. Barone et al. found no spontaneous spin

polarization in passivated serrated boron nitride nano-ribbons,146

while under the effect of an external electric eld, thematerial can

realize a metal-semiconductor-semimetal transition. F. W. Zheng

et al. found that when the B atoms are edge passivated,151 the

electronic polarization rate at the Fermi level is 100%, showing

semi-metallic properties with a band gap of 0.38 eV, while the

conductivity of the system is decided by metallic spin electrons.

Also, when the N atoms are edge passivated, the antiferromag-

netic structure is more stable than the ferromagnetic structure, as

the energy of the former is approximately 33 meV per (edge atom)

more than that of the latter.

3.4 Raman spectroscopy of h-BN

The Raman characteristic peaks of h-BN crystals is at about

1366 cm�1, and a single-layer peak will blue-shi 4 cm�1 due to

the BN bond of a single-layer h-BN having slightly shorter

phonon modes, causing E2g to harden (Fig. 18).152 The red-shi

depends on random strain introduced by the stripping process,

which dominates in the double h-BN. Therefore, the h-BN

Raman characteristic peak is red-shi 1–2 cm�1.

Fig. 15 Schematic of nanoindentation on a suspended h-BN
membrane.133

Fig. 16 UV-vis optical absorption spectra of BN.131

Fig. 17 Calculated band structures of the pristine graphitic–BN with
different atoms. (a) with a boron atom (b) and a nitrogen atom (c)
substituted by a carbon atom.148

Fig. 18 Raman spectra of 2D h-BN.152
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4 Composite structure of graphene/
h-BN
4.1 Research into graphene/h-BN heterojunction structures

The linear dispersion relationship of graphene near the Dirac

point is responsible for its high carrier mobility characteristic,

which has attracted wide attention (Fig. 19)70 and is considered

an important characteristic for electronic devices utilizing

carbon Keenermaterials.106,153,154 However, its zero band gap has

hindered graphene's application in the construction of nano-

electronic devices, because these devices require a valid strip

gap. Thus, whether graphene can open an effective band gap

becomes critical. Researchers have used a variety of methods to

achieve this objective. For example, hydrogenated graphene,155

isoelectronic co-doping of B and N atoms,156 adsorption of

metal atoms,157 double extra electric eld components,2,158

a graphene–substrate interaction,159 the level of the tensile

stress and so on.71 All the methods were double nanostructures,

which makes them exceptionally compelling, because the

interaction between the layers and stacking mode provides an

additional degree of freedom to regulate the electronic struc-

ture. C materials and h-BN have matched lattice constants. By

forming a graphene/h-BN heterostructure to regulate graphe-

ne's electronic structure and energy band, the goal of applying

graphene to optoelectronic devices is achieved.

In 2000, Oshima et al.160 prepared two-layer structured

graphene/h-BN in the Ni(111) direction, and studied the inu-

ence of monolayer graphene on the Ni(111) substrate grown h-

BN single-layer electronic structure, ignoring the effects of h-BN

on the electronic structure of graphene. Stewart et al. calculated

the most stable conguration of graphene/h-BN electronic

properties through the tight-binding and density functional

theory.161 Their research showed that a level perpendicular to

the applied electric eld could regulate the electronic structure

of the whole system, including the offset, anti-cross, and other

forms of energy deformation, and could be used to control the

size of the band gap according to different needs. In 2010,

Bjelkevig et al. used the CVDmethod on Ru's (0001) direction to

prepare a double heterojunction structure graphene/h-BN.162

The study found that there was a strong charge transfer between

the BN and graphene, which occupied part of the p* band, and

made the occupied s* closer to the Fermi level. This showed

that forming a double heterojunction structure of graphene/h-

BN could regulate the electronic structure of graphene. In

2012, Tang et al. made single-crystal graphene grow on h-BN,163

although the growth size was not large, and then used Raman

technology to demonstrate that the nucleation growth of

hexagonal graphene involved a single crystal structure. This

nding enriched the means of preparing graphene boron

nitride heterojunctions, and makes the rapid preparation of

high-quality graphene/h-BN possible. Especially recently, Tang

et al. used the CVDmethod to make graphene from graphene/h-

BN in an efficient large area,164 such that the preparation of

graphene reached a new level. Meanwhile, the applications of

graphene/h-BN heterostructures in nanodevices has gained

technical support.

4.2 Composite mode structure of graphene/h-BN

4.2.1 Stacking of graphene/h-BN heterostructures. A

graphene/h-BN heterostructure is formed by the 1 � 1 lattice

matched stacking of monolayer graphene and h-BN. The major

three stacking patterns in most studies are: (1) AA stacking,

which means C atoms are positioned immediately above the B

and N atoms; (2) AB stacking, which means one C atom is

positioned above the N atom, while the other C atom is posi-

tioned above the h-BN ring; (3) AB stacking, which means one C

atom is positioned above the B atom, while the other C atom is

positioned above the h-BN ring.

Zhong et al. veried that the AB stacking of the graphene/h-

BN double-layer heterogeneous nanostructure was the most

stable by rst-principles calculations, and found that as stress

increases, the band gap increases linearly.165 Fan et al. applied

LDA and PBE + VDW methods to study the structural energy

variations of the graphene/h-BN double-layer heterogeneous

Fig. 19 STM pictures of graphene/h-BN heterostructure with different
rotational orientations.70

Fig. 20 BE per unit cell of graphene/h-BN with different stacking
manners.166
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nanostructures of four stacking patterns with various interlayer

distances.166 The results showed that with either method, AB

stacking, where N atoms are positioned towards the centre of

the graphene hexagon and B atoms are positioned towards the

C atoms, is most stable at various interlayer distances, with

the stable model and calculation results shown in Fig. 20.

They studied four kinds of stacking congurations: I–IV. I had

a hexagonal conguration (AA), where C atoms are positioned

above the B atoms or N atoms. II and III had a Bernal cong-

uration (AB), where C atoms of one sub-lattice of graphene are

positioned above the N atoms (conguration II) or B atoms

(conguration III), while C atoms of the other sub-lattice of

graphene are positioned above the centre of the BN hexagon.

Conguration IV can be obtained from the translation of the h-

BN layer in conguration I along the direction of the C–C bonds

by the distance of 1/6 graphene lattice constant.166Kan et al. also

found that the band gap of the graphene/h-BN double-layer

heterogeneous AB stacking stable structure could be modu-

lated through the interlayer distances by rst principles.167

Utilizing the VASP package local density approximation

(LDA), the changes of binding energy (BE) for each original cell

with the variations of the interlayer distance were calculated,168

and the results showed that various stacking structures had

different equilibrium positions, specically, different structure

balancing interlayer spacing of 3.5, 3.2, 3.4 and 3.4 Å for

congurations I–IV, respectively, which were consistent with

previous calculations for the deposition of graphene on boron

nitride.71 For this double-layer heterostructure, the order of

stability under the same interlayer spacing was: conguration I

< conguration III < conguration IV < conguration II. This

phenomenon is related to the attractive interaction between the

electrons in graphene and the cations in BN and to the repulsive

interaction between the electrons in graphene and the anions in

BN; while N anions tend to be directly above the centre of the C

hexagon, because the electron density of this position is low,

and B cations tend to be directly above C atoms to enhance the

effect of attracting (conguration II).

4.2.2 Relations between graphene/h-BN heterostructure's

conguration, spacing and electronic structure properties. The

results show that congurations I–III have similar energy band

structures. Fig. 21(a) presents, under various interlayer distances,

the energy band structure of conguration II near the Dirac

point. The energy band structure of conguration IV is shown in

Fig. 21(b).166

When the interlayer distance is large enough, the energy

band structure near the Fermi level is consistent with that of

monolayer graphene, because the interlayer interaction under

such a distance is very weak. With the decrease of the distance

between the layers, the interlayer interaction increases, result-

ing in a reconstruction of HBL's charge. Due to the different

chemical environments, the equivalence between the two

different sub-lattice of graphene is destroyed, and a small band

gap is opened up at the Dirac point between the valence and

conduction bands. Obviously, the smaller the interlayer

distance, the bigger the opened band gap, which thus provides

a possible approach for the band gap regulation of graphene.

For HBLs of conguration I–III, at the Dirac point, there is

a parabolic dispersion relationship (nearly free electrons)

between the valence and conduction band near the Fermi level,

which means the effective mass of electrons is non-zero.

However, for HBLs of conguration IV, a band gap is opened

near the Dirac point, and the energy band structure maintains

the linear dispersion relationship with graphene, which means

the effective mass of electrons and holes is zero. The high

mobility of carriers in this heterogeneous double layer, of which

the band gap is not zero, is comparable to that in the graphene

monolayer, which is signicant for the preparation of graphene

devices that require both a band gap and high carrier mobility.

The variation of the band gap of the HBLs can be studied by

adjusting the interlayer distance, as shown in Fig. 22.167 The

band gap increases progressively with the decrease of the

interlayer distance, but the extent of change is different for the

Fig. 21 Band lines near the Fermi level of C/BN HBLs with interlayer
distances x ¼ 5, 3.3, 3, 2.7, and 2.4 Å for (a) configuration II and (b)
configuration IV. The Fermi level is set to zero.166

Fig. 22 Variation in the energy gap of HBLs as a function of interlayer
spacing. The inset shows the variation of the effective masses vs. the
band gap.166
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four congurations. Under the same interlayer distance,

conguration I and II have the maximum and minimum band

gap, respectively, and the other two congurations have the

medium band gap.

From Fig. 23, we can see that the charge density near the two

sub-lattice of graphene is no longer equivalent, and as the

interlayer distance decreases, this asymmetry becomes more

pronounced. This shows that when the interlayer distance is

compressed, the difference between the potential energy of the

two sub-lattices of graphene becomes larger. Furthermore, for

the four congurations, the degree of sensitivity to the change

of the interlayer distance is related to the atomic arrangement

of the HBLs. The carbon atom of conguration I is exactly

located above the B atom or N atom of the BN monolayer,

causing the highest asymmetry of the two graphene sub-lattices,

and therefore conguration I is the most sensitive to the

interlayer distance. The C atoms of one sub-lattice of congu-

ration I are located directly above the B atoms; however, all the

C atoms are symmetrically distributed around the N atoms. In

this arrangement, the asymmetry of the two carbon atoms sub-

lattice is the lowest, so conguration II is the least sensitive to

the interlayer distance. This is also consistent with the trends in

charge density with the variation of interlayer distance for the

four congurations, as shown in Fig. 23(b).

DFT calculations show that for the graphene/h-BN HBLs,

the band gap and effective mass of carriers can be regulated by

changing the interlayer distance and stacking patterns. With

the decrease of the interlayer distance, the band gap gradually

increases. With the increase of the band gap, for AA and AB

stacking patterns (congurations I–III), the effective mass of

carriers linearly increases; for conguration IV, the linear

dispersion relation in the monolayer graphene reserves in

graphene/h-BN HBLs. The quality of controllable band gap and

the small effective mass (even zero for conguration IV) of C/

BN HBLs support it having potential important applications

in the construction of high-performance graphene

nanodevices.

4.3 Preparations of graphene/h-BN heterostructures

From 2010 to today, the methods of preparing graphene/h-BN

heterostructures have become a hot topic of research and

more and more reliable methods have been developed.

Wet transfer method. Dean et al. rst prepared a graphene

transistor device with high mobility by transferring mechan-

ically stripped graphene to the h-BN substrate and then using

the h-BN as the support substrate for the graphene (Fig. 24).72

Its electron mobility was measured to be one order of magni-

tude higher than silica in the same conditions, and a clear

graphene quantum Hall effect was observed. This method

involved graphene in contact with an aqueous solution.

Therefore it is referred to as “wet transfer”.

Liquid phase exfoliating method. Gao et al.169 used liquid

phase exfoliating to achieve van der Waals structures of

different layers of h-BN and graphene, and observed that the

energy level of the hybrid structure was affected by the number

of layers and the stacking mode of the two layers (Fig. 25).

These two methods inevitably have impurities appear on the

top and bottom of the graphene, a low success rate of the lattice

Fig. 23 Contour plots of the charge density difference (a) for stacking
pattern I at the interlayer distances x ¼ 2.7, 3.2, 4 and 5 Å, respectively,
and (b) for the four stacking patterns (I–IV) at the interlayer distance x

¼ 3 Å.198

Fig. 24 Schematic of the transfer process to fabricate graphene-on-
BN devices.72

Fig. 25 Schematic of the liquid phase exfoliating method.(a) The
illustration of the stacked structure of graphene and h-BN nanosheets.
(b)–(d) The TEM images of stack structure with different resolutions. (e)
Graphene, h-BN and BNG hybrid free standing films. (f) The h-BN/
GTEM image for mapping. (g) Boron mapping of image (f). (h) EELS
spectrum of h-BN/graphene hybrid, K-shell excitations of B, C, and
N.169
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corresponding paste, poor precision, and the product is easy to

fold. In the preparation of this method, the larger the boron

nitride, the higher the preparation success rate; the larger the

graphene, the easier the device preparation, which is tough in

the mechanical stripping process.

Dry transfer method. In order to eliminate the graphene

problems encountered in the transfer of folds, in 2011, Zomer

et al.170 designed a method of the preparation of graphene/h-BN

heterostructures (Fig. 26). Similarly, Leon et al. used this

method to prepare heterostructures in 2014, and performed the

corresponding tests.171 From the method and the test results,

the only drawback of this method is that it is very difficult to

nd the graphene without the silicon oxide substrate, so that

the rate of graphene preparation is very low, and the quality and

efficiency are difficult to coexist.

Chemical vapour deposition method (CVD). The researchers

used CVD with the adjustment of the order of preparation to

generate an articial hybrid structure of graphite and h-

BN.172–175

W. Gannett et al. prepared a graphene/h-BN heterojunction

by using CVD and run appropriate tests in 2011. Aer that,

many researchers gradually improved the preparation method

and made the heterostructure grow faster and faster, with the

quality also getting better and better (Fig. 27).176

Liu et al. realized the superposed growth of graphene and h-

BN by a two-step gas-phase process.177 Subsequently, Yan et al.

used PMMA as a solid carbon source to achieve the growth of

bilayer graphene on a chemically vapour-grown h-BN

substrate.178 Tang et al.,179,180 used methane as gaseous carbon

source on a h-BN substrate to achieve graphene lamellar

nucleation growth with a superlattice structure.164 Recently,

Kim et al. synthesized graphene/h-BN heterostructures with

different hybridization modes by modifying the vapour-phase

growth process.174 In 2016, Song et al. used PMMA particles to

control the nucleation density and grain size, which provides

the technical direction for the high-quality mass production of

graphene/h-BN.181

Transition metal catalysis. In 2010, Cameron Bjelkeving rst

deposited an atomic layer h-BN on the Ru (0001) surface by an

atomic deposition method (Fig. 28),162 and then used CVD to

grow a layer of graphene on the h-BN surface to form GNR/h-BN/

Ru (0001) heterostructures, but whether the graphene was

directly grown on the h-BN or was due to the role of the Ru

underneath the h-BN was not clear and the growth mechanism

was not gured out. Oshima et al. achieved the growth of

graphene/h-BN/Ni heterostructures in a Ni (111)-transition

metal-catalyzed process in 2000.160

Fig. 26 Dry preparation of graphene/h-BN as a schematic and sample
image: (a) schematic of the transfermask. (b) SLG and BLG areas on the
mask, the scale bar equals 5 mm. (c) Graphene alignment and transfer
to a h-BN crystal. (d) Graphene flake in a Hall bar geometry on h-BN.170

Fig. 27 (a)–(d) Sample fabrication steps shown schematically. (e) SEM
image of graphene on a candidate h-BN flake. (f) Optical image of
a finished graphene-on-BN device, with the electrodes labelled and
the graphene outlined.176

Fig. 28 LEED and STM dI/dV data for BN monolayer and graphene/h-
BN heterojunction grown on Ru(0001).162

16812 | RSC Adv., 2017, 7, 16801–16822 This journal is © The Royal Society of Chemistry 2017
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Physical transfer method. In 2011, Ponomarenko et al.

combined graphene crystals and h-BN thin layers by a physical

transfer technique to fabricate heterojunction devices with two

monolayer graphene crystals.73 Aerwards, through the improve-

ment of the physical transfer technique, researchers successfully

fabricated more complex heterostructures and superlattice struc-

tures of graphene/h-BN.75,182,183 In particular, two research groups

successfully observed the novel Hofstadter Buttery phenomenon

in graphene/h-BN heterostructures (Fig. 29).184–186

The physical transfer method can realize the transfer of

graphene on the surface of h-BN. However, this technique

also brings issues of structural inhomogeneity and interfacial

contamination. Now, researchers are exploring further opti-

mized methods.

Gas-phase epitaxy technology method. In 2013, Yang et al.

implemented a controlled van der Waals heterostructures

epitaxial growth of graphene on an h-BN inactive substrate by

using methane as a gas source and a remote plasma enhanced

vapour-phase epitaxy technique (Fig. 30).187

Co-segregation method. In 2015, Zhang et al. introduced

a method, named ‘Co-Segregation Method’, which involved

large growth directly on the h-BN to produce the desired het-

erostructures (Fig. 31).188

4.4 Properties of graphene/h-BN heterostructures

Graphene/h-BN heterostructures have attracted much attention

because of their novel electrical, morphological, optoelec-

tronics, mechanical and thermal properties.

4.4.1 Optical characteristics of graphene/h-BN hetero-

structures. A 2D crystal has a large specic surface area, while

2D graphene and h-BN have honeycomb structures. However,

the optical and electrical properties of the twomaterials are very

special but completely different. Therefore, when graphene/h-

BN heterostructures appeared, researchers quickly focused on

the electro-optical properties of the structure. h-BN is a typical

material, which is only excited luminescently in the ultraviolet

region,35,131,189,190 while graphene is excited in the visible

region.92,93 Therefore, the components of a graphene/h-BN

heterostructure have little inuence on each other from an

optical properties standpoint.191

Yang et al.192 experimentally studied the imaging properties,

such as the phonon spectrum of the far-eld and near-eld of

graphene/h-BN heterostructures and photon polarization and

polarization (Fig. 32); they also compared graphene excitation

characteristics based on different substrates. The experimental

results showed that the h-BN substrate has small inhibition on

Fig. 29 Moire' superlattice of graphene/h-BN. (a) The schematic
diagram of moiré pattern for graphene on h-BN. (b) AFM image of
a multiterminal Hall bar and a high-resolution image of a magnified
region.185

Fig. 30 The method of epitaxial graphene growth and the AFM
image.187

Fig. 31 Growth of graphene/h-BN-stacked heterostructures: sche-
matic illustration and optical images of the as-grown sample on the
growth substrates.188

Fig. 32 The couplingmechanism of graphene plasmons and the h-BN
optical phonons. (a) The schematic diagram of Graphene plasmon and
h-BN o-TO phonon. (b) Plasmon frequencies as a function of wave
vector for different hybridized mode peaks. (c) Line profile of s-SNOM
optical signals at the excitation wavelength of 970 cm�1. (d) s-SNOM
images from 2D scan of the tip position near the graphene edge with
varied excitation wavelengths.192

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 16801–16822 | 16813
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the photoelectric characteristics of graphene, and that h-BN as

a graphene substrate has almost no effect on the optical prop-

erties of graphene.

4.4.2 Electrical characteristics of graphene/h-BN hetero-

structures. h-BN with a single crystal has a similar lattice

structure to graphite. As an insulating material with a band

gap of 5.97 eV, h-BN has an atomically at surface, a very low

roughness, no dangling bonds on its surface, and in combina-

tion with graphene shows weak van der Waals force, a minimal

impact on graphite dilute carrier transport properties,

a mismatch of 1.84% with the graphene lattice72 and has no

doping effect on graphene. Table 2 presents the differences in

their lattice.193 The mobility in graphene on a boron nitride

substrate is up to 105 cm2 V�1 s�1.72,194 When its surface atness

suppresses graphene wrinkling, this substrate seems more

excellent. Meanwhile, BN has good electrical properties, which

can be used for the gate electrode of graphene devices without

any loss of functionality of graphene. Furthermore, the optical

phonon mode of boron nitride's surface is three times more

than the energy of silicon oxide, which means that graphene

with a boron nitride substrate may have a better performance

under high temperature and a high electric eld.

In several experimental preparations of graphene/h-BN, the

lattice constants of graphene and h-BN had a 1.84% difference,

and there is a certain angle of rotation between the two

hexagonal holes sheet layers, making graphene/h-BN hetero-

structures form Murray stripes (Fig. 33).70,195 This formation of

superlattice, results in a lot of new properties, in addition to the

zero band gap, Fermi velocity changes, states of jitter of the

local density and the superlattice features of the local charge

density.196

Giovannetti et al.,71 in 2007, proposed the introduction of

a band gap (Fig. 34) by depositing the monolayer graphene on

a h-BN substrate. With a different stacked manner, the

graphene/h-BN heterostructure's band gap varied, and different

distances of the layers generated a variation in the band gap.

Hüser et al.,197 by calculations, obtained the electronic proper-

ties of graphene/h-BN heterostructures, and found that in the

band, some small band gap can be opened. Wang et al.198 used

angular resolution electron spectroscopy, for the rst time, to

directly measure original and second-level best Dirac band

structures (Fig. 35) of a graphene/h-BN heterostructure, and in

the original and second-level Dirac cone found up to 100 and

160 meV energy gaps, respectively, which revealed the impor-

tance of space inversion symmetry in a heterogeneous structure

Table 2 Crystallographic information of h-BN and graphite193

Material
Crystal
structure

Nearest

neighbour
distance (nm)

Lattice

parameters
(nm)

Inter-layer

spacing
(nm)

h-BN Hexagonal 0.144 a: 0.250 0.333

c: 0.666
Graphite Hexagonal 0.142 a: 0.246 0.335

c: 0.670

Fig. 33 Real space and Fourier transforms of Moiré patterns with
different ratio in (a) and (b).195

Fig. 34 The three inequivalent orientations of single-layer graphene
on a h-BN surface and the total energy E of graphene on a h-BN
surface for the three manners.71

Fig. 35 (a) Stacking of constant-energy maps of EDC curvature to
show the conical dispersion at the two k points. d1–d5, dispersions
along the cuts d1–d5 shown in a1. The white dashed lines are guides
for the evolution of the SDCs dispersions. The black arrow indicates
the dispersion from the original Dirac cone. (b) Schematic drawing of
the band structure in the graphene/h-BN heterostructure, showing
the gapped original Dirac point with gapped SDPs at three out of six
corners of the SBZ (k points).198
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and the band modulation capacity of the van der Waals

heterostructure.

4.4.3 Magnetic properties of graphene/h-BN hetero-

structures. Theoretical research on a magnetic C and h-BN

composite system was carried prior to the experimental

study.199–202 The studies found that the C–BN system appears to

have itinerant electron ferromagnetic and antiferromagnetic

properties. Ramasubramaniam et al.,201 in 2011, studied how

2D h-BN graphene nanoislands with mosaic zigzag edges

appeared antiferromagnetic by using density functional

theory, and found that the antiferromagnetic Nair tempera-

ture increased with the density of the graphene unit area in h-

BN mosaic increasing. Natalia Berseneva et al.202 also used this

method to carry out calculations on the carbon nanoislands,

and found a triangular inlay in h-BN could generate a spin 1/2

magnetic moment. These two models were two models of

graphene/h-BN heterostructures composites, and their

research provided a theoretical approach for the later research

on the magnetic properties of the graphene/h-BN hetero-

structures composite system.

Ding et al.,203 in 2011, specically studied the magnetic prop-

erties of graphene/h-BN composites, particularly for abnormal

paramagnetic behaviour of the graphene/h-BN composites at low

temperature. They proposed an analysis of the low-temperature

magnetization curve, and found that the paramagnetic parts

(<20 K) weremainly from the point defects in the sample, and that

the angular momentum quantum number J ¼ 1/2. This was the

rst time that they theoretically explained why J ¼ l/2, and also

the rst to give J ¼ 1/2 in a graphene system. To study the

low-temperature magnetization curve anomalies paramagnetic

behaviour (20–50 K), they used several theoretical models to

explain this phenomenon, such as the RKKY interaction in the

antiferromagnetic spin-glass state, and in the itinerant electron

paramagnetic strengthening effect. The experimental results and

antiferromagnetic spin-glass theory have a degree of conict, and

only the itinerant electron paramagnetic strengthen theory can be

consistent with all of their results. So they speculated that the

abnormal paramagnetic behaviour of the graphene/h-BN system

at low temperature (20–50 K) came from the paramagnetic

strengthening effect generated by the itinerant electrons from the

graphene and h-BN interface or near the interface between

(Fig. 36).

4.5 Potential applications of graphene/h-BN

heterostructures

The introduction of h-BN as a substrate is to solve the graphene

in traditional siliconmaterial strain are imposed on the substrate

and doping adverse problems. At the same time, formation of

a van der Waals' heterostructure of graphene/h-BN increases the

mobility of graphene and facilitates making nanometre func-

tional devices, with wide potential application and practical

signicance.

Field-effect transistor (FET). In 2010, Dean et al.204 prepared

a eld-effect transistor from a graphene/h-BN heterostructure for

the rst time and then tested the device performance (Fig. 37).

They used a mechanical stripping method to obtain a single

crystal of h-BN on single and double graphene eld-effect tubes.

The result of the test showed that the mobility of the current

carrier reached 60 000 cm2 V�1 s�1, which was more than three

Fig. 36 Themeasured mass magnetization Mas functions of magnetic
fields H for (a) gra/h-BN sample 1, (b) gra/h-BN sample 2, and (c) h-BN
substrate, at different temperatures T ¼ 5, 10, 20, 30, 40, 50, 60, 100,
200, and 300 K.203

Fig. 37 Graphene/h-BN devices and the test chart. (a) AFM image of
graphene/h-BN heterostructure. (b) Histogram of the height distri-
bution measured by AFM for graphene, h-BN and SiO2. Resistance
versus applied gate voltage for monolayer graphene (c) and bilayer
graphene (d) on h-BN.204

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 16801–16822 | 16815
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times themobility of graphene, similar to the calculationmethod

for the SiO2 substrate, while the uniformity of charge was less

than 7 � 1010 cm�2, three times smaller than silica basal gra-

phene at room temperature. When the temperature was 15 K, the

uniformity of charge was 1 � 109 cm�2, which was similar to

suspended graphene. In addition to being an order of magnitude

higher than that of the other test results, the roughness, intrinsic

doping level, and chemical reactivity were lower.

From then on, more and more similar work was carried out;

for instance, in 2011, Decker et al.;70 in 2013 and 2014, Lee

et al.;205,206 also in 2014, Iqbal et al.;207 and in 2015, Song et al.;181

prepared a FET with graphene/h-BN, which obtained satisfac-

tory results. All of the above, paid witness to the progress of

graphene/h-BN van der Waals heterostructures for nano-

electronics applications.

Quantum tunnelling transistor. In 2012, Britnell et al.

demonstrated a quantum tunnelling transistor, which was

made of a graphene/h-BN heterostructure. In this experiment,

they achieved quantum tunnelling from a graphene electrode

through h-BN, which was made as an insulating barrier. From

the results, they concluded that their tunnelling devices

offered a viable method to prepared high speed graphene-

based analogue electronics (Fig. 38).182

Thermoelectric device. In 2014, Chen et al. studied the

thermal interface conductance across a graphene/h-BN hetero-

junction.208 Based on the study, they prepared graphene/h-BN

heterostructures to measure the thermoelectric transport.209

They separated the thermoelectric contribution to the I–V

Fig. 38 Schematic of a field-effect tunnelling transistor (A) and (B)
tunnelling characteristics for a graphene/h-BN device with 6� 1 layers
of h-BN as the tunnel barrier.182

Fig. 39 Schematic and test results of the device.209

Fig. 40 The flow and test figure of an LED.((A) Schematic of the device
architecture. (B) Magnification monochrome image of WSe2 LEQW
device. The change of photon energy under different temperature
curve for WSe2 in (C) and MoSe2 in (D). (E) The image of quantum
efficiency corresponding to temperature of three LED devices based
WSe2. (F) Individual electroluminescence spectra plotted for four
different injection current densities for a sample device. (G) The
external quantum efficiency plotted against bias voltage and injection
current density at T ¼ 300 K for the same sample device in (F)).210

Fig. 41 Graphene/h-BN/GaAs sandwich diode as a solar cell and
photodetector. (A) Schematic of the graphene/h-BN/GaAs sandwich
device. (B) Electronic band structure of graphene/h-BN/GaAs heter-
ostructure. (C) J–V curves of solar cells based on graphene/GaAs and
graphene/h-BN/GaAs heterostructure with Si QDs introduced photo-
induced doping. (D) Electronic band structure of the graphene/h-BN/
GaAs solar cell with Si QDs covering on graphene under illumination.212

16816 | RSC Adv., 2017, 7, 16801–16822 This journal is © The Royal Society of Chemistry 2017
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property of the device structures by using an AC lock-in tech-

nique, and, by using Raman spectroscopy, they measured the

temperature gradient, so that they could study the thermo-

electric transport produced at the interfaces of the hetero-

structures. Fig. 39 show the thermoelectric voltage and

temperature gradient. They ascertained the Seebeck coefficient

to be 99.3 mV K�1 for the device.

LED. Withers et al.210 made graphene/h-BN/WSe2/h-BN/

graphene heterostructures to prepare an LED in 2015. They

used WSe2 light-emitting tunnelling transistors with enhanced

brightness at room temperature. They cleaved and exfoliated h-

BN onto a Si/SiO2 substrate; then, a graphene ake was peeled

onto an h-BN crystal, and h-BN/graphene/h-BN/WX2/h-BN het-

erostructures were prepared to complete the LED structure.

Fig. 40 shows the EQE T-dependence for three WSe2 devices,

which shows the characteristic increase with temperature,

reaching 5% at 300 K.

Wang et al.211 prepared graphene/h-BN van der Waals light-

emitting diodes in 2015. In the two experiments, the hetero-

structures were made into LEDs, which provides direction for

the preparation of nano-optoelectronic devices.

Solar cell. In 2015, Li et al.212 designed a graphene/h-BN/GaAs

sandwich diode as a solar cell and photodetector. From Fig. 41,

we can see that the barrier height of the graphene/GaAs hetero-

junction was increased from 0.88 eV to 1.02 eV, when h-BN was

inserted. h-BN enhanced the Fermi level tuning effect, and

a power conversion efficiency (PCE) of 10.18% could be achieved

for graphene/h-BN/GaAs, as compared with 8.63% for the

graphene/GaAs structure. The performance of the structure-based

photodetector was also improved with the on/off ratio increased.

IPPS and TPS. In 2011, Xu et al.213 developed an in-plane

pressure sensor (IPPS) and a tunnelling pressure sensor (TPS)

made of graphene/h-BN heterostructures. They modelled the

responses as a function of external pressure. The results of the

tests showed that the current varied by three orders of magni-

tude as the pressure increased from 0 to 5 nN nm�2. The IPPS

current was negatively correlated to pressure, whereas the TPS

current exhibited a positive correlation to pressure. IPPS and

TPS both had a pressure range of �5 GPa, which was bigger

than conventional MEMS pressure sensors (Fig. 42). The results

pointed to the direction towards realizing viable, atomic scale

graphene-based sensors for pressure measurements.

Combining boron nitride with graphene offers multi-

dimensional application opportunities in many elds: from

the perspective of transport doping, from both horizontal and

vertical components. People can conduct researches on physic

based on boron nitride excellent substrate effect, and also can

do researches on electronics to use boron nitride wide band

gap. Therefore, there is still a hope to see good research into the

aspects of mixing graphite and boron nitride.

5 Summaries and outlook

For logic devices of graphene/h-BN heterostructures, although

a lot of theories and experiments prove that graphene based on h-

BN has excellent optical characteristics, because of the zero band-

gap properties of graphene, it is difficult to prepare a high-

performance logic circuit as a direct eld-effect transistor.

Therefore, the band of 2D carbon-based material has a very

important role in the regulation of optoelectronic device appli-

cations. For example, continuous research of graphene/h-BN

heterostructures in the far infrared, the visible region and in

the ultraviolet region can provide a basis for the preparation of

applications of photovoltaic devices. Accounting for the different

absorptions of graphene and h-BN in light regions, it is certain

that a composite system of graphene/h-BN heterostructures has

great use in the visible region, such as photoluminescence. On

the other hand, regulation of the energy band engineering can be

achieved by designing 2D heterostructure materials in combi-

nation with dielectric shielding. How the graphene layer of the

graphene/h-BN heterostructure and the h-BN layer are bonded,

and what is the force between the electrons will be revealed in the

future. We believe that practical applications of heterostructure

graphene/h-BN will greatly expand because of the unique opto-

electronic properties of this structure.

For graphene, due to its characteristics it is useful for opto-

electronic devices, energy storage, and other aspects of

mechanical reinforcement, and in line with its potential, the

basic applied research in new 2D materials based on graphene

has made great progress. When combined with other new 2D

materials, by using 2D layered materials with different chemical

bonds and the formation of different physical and chemical

properties of new lattice structures, it should have even greater

applications. For example: biomedical devices, photodetectors,

chemical catalysis, clean energy generation and storage,

surface-enhanced Raman scattering and so on.

Perhaps one of the most meaningful aspects of the research

into graphene is that graphene has caused researchers to

explore other 2D materials, which is a break from the long-term

norm of studying 3D materials. At least in the history of science

Fig. 42 Schematic of the structures of: (A) an in-plane pressure sensor
and (B) a tunnelling pressure sensor. Transmission spectra of: (C) the
in-plane sensor and (D) the tunnelling sensor as functions of electron
energy with different external pressure.213
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in materials, before graphene occurred, there was no one

focusing on studying 2D materials. Therefore, the heuristic

value of graphene is far greater than just the value of its own

excellent performance. For instance, by combining the same or

similar 2D structures of several differentmaterials, the resulting

new composite material have a lot of new characteristics that

are exciting the scientic community, and hence the occurrence

of 2D composite materials can help make the properties of the

new materials more diversied.
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