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Abstract
Graphene, a novel 2-D allotrope form of carbon, has triggered intensive research interests in
2-D materials. 2-D materials’ extraordinary properties promise varies applications, such as
electronics, optics and optoelectronics. Particularly, graphene and bismuth chalcogenides
(Bi2Se3, Bi2Te3 et. al.), which share similar Dirac bandgap structures and exotic surface states,
are outstanding candidates in potential applications of broadband optoelectronic, plasmonic
devices and future on-chip devices. Though researchers have dedicated their efforts in the 2-D
materials, the attention being paid to the graphene and bismuth chalcogenides based materials
remains low, especially in their large production and optoelectronic device applications.
This research dissertation starts with the preparation of high quality graphene, bismuth
chalcogenide nanocrystals and their heterostructure. By taking advantages of the in situ Powder
X-ray diffraction technique, better understanding in the growth mechanism of bismuth
chalcogenides nanoplatelets and its graphene heterostructure has been obtained. Step by step
growth mechanism is revealed and discussed. Thus large-scale prepared graphene and bismuth
chalcogenides hybrid material has been integrated into a free standing thin film, which is
further demonstrated as a broadband photodetector. On the other hand, it is found that the
graphene and Bi2Te3 heterostructure films can effectively enhance plasmon resonance
magnitude in its FTIR spectrum by increasing light-matter interactions. In order to better
observe and understand the plasmonic resonance modes on these materials, the later sections
of this dissertation investigated resonance modes on graphene surfaces from both far-field and
near-field. The results show that the light-matter interaction can be further enhanced by
modifying the geometry of the surface and the surface plasmon can be guided in a controlled
manner. It is believed, this dissertation paves way for the photonic and optoelectronic
researches of graphene, bismuth chalcogenides and their heterostructures.
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Chapter 1: Introduction

Graphene is a novel two dimensional (2-D) allotrope of carbon. Its success in the last a few
years has unveiled the era of exploring unusual physical properties and practical applications
of atomic thin layered materials, which are well known as 2-D materials. The prosperous 2-D
materials’ family includes members from elementally and covalently-bonded black
phosphorous, boron nitrite, silicene, to those more complexly structured chalcogenide
materials (e. g. topological insulators (TI) such as Bi2Se3, Bi2Te3 et. al. and transition metal
dichalcogenides (TMDC) like MoS2, WS2 et. al.). 2-D materials’ practical applications are
deeply rooted into many chemical and physical regions, and promise fascinating efficiency in
electric and photonic devices, such as super capacitors, photodetectors, storage devices, solar
cells, biosensors and nonlinear optical devices. Here, this thesis focuses on the study of
graphene and bismuth chalcogenides (Bi2Se3, Bi2Te3 et. al.) based 2-D materials, and explores
the preparation, photonic and optoelectronic applications of them and their heterostructures.
Recently, graphene and bismuth chalcogenides (TI) have shown excellent electronic and
optoelectronic properties due to their unique Dirac cone like energy band structures. They have
also revealed potential applications in optoelectronic and plasmonic devices. However, the
large scale production of graphene and bismuth chalcogenides with low defects and
controllable cost is only accessible with chemical vapour deposition and solution process
methods. In the sense of practical applications, the production of large area (or large quantity)
of defect free 2-D materials is critically important. Unfortunately, due to the chemical
complexity in these synthesis methods, the large area (or large quantity) controllable
production of 2-D materials remains a big challenge, especially in solution process.
Understanding the growth mechanism behind the growth of bismuth chalcogenides is the key
to solve this problem. Thus, the first part of this thesis investigated the growth mechanism of
bismuth chalcogenides nanocrystals, and their graphene hybrid structures, with applications in
the optoelectronic devices and plasmonics.
In the study of graphene and TI plasmons in first part, it was found that many aspects of this
new research realm remain challenging and unexplored. For examples, the plasmon excitation
efficiency of these 2-D material is still quite low, and the localized modes existing in the
materials are difficult to be fully interpreted as there is a lack of direct observation tool to
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visualize them. Therefore, the understanding and interpretation of these mode existing on the
2-D materials’ surfaces are of great academia importance before they can be transferred into
practical applications. Here, the second part of this thesis focuses on the research of the
excitation and observation of various plasmonic modes on the 2-D materials, especially
graphene. It is believed that this part will contribute to the fundamental understanding of the
plasmonic behaviour supported by 2-D materials as well as their practical plasmonic
applications.
In summary, this PhD thesis discusses three fundamental aspects of the graphene and
bismuth chalcogenide materials, which are material preparation, optical characterization and
device applications. In order to address the aforementioned challenges and introduce the major
findings in this research project, a brief description of the chapters presented in this dissertation
is introduced in a progressive, chapter-by-chapter manner as below.
Chapter 1 firstly introduces the research road map of 2-D materials, specifically graphene
and bismuth chalcogenides (TI). Their physical properties and potential applications in
electronics and optoelectronics are discussed. For example, graphene and bismuth
chalcogenides both have Dirac surface properties, which promises the Dirac electron spinorbital coupling and unidirectional-polarized propagation on their surface, respectively.
According to their unique physical properties, graphene and bismuth chalcogenides (TI) differs
from other traditional materials in terms of practical applications, and results in new types of
electronic and optoelectronic devices, such as spintronic devices and plasmonic devices.
Finally, this chapter concludes the main challenges in synthesising, precise nanofabrication and
characterization of such materials before they can be fully used into the high performance
devices.
Chapter 2 in-depth surveys several interesting aspects directly related to the main scope of
this thesis. For example, various synthesis methods of graphene and bismuth chalcogenides;
nanofabrication and post production process for graphene and bismuth chalcogenides; far-field
and near-field photonic research of the graphene and bismuth chalcogenides and their practical
device applications. Detailed literature reviews of these areas are provided in this chapter.
Chapter 3 studies the growth mechanism of bismuth chalcogenide nanocrystals
(Bi2SexTe3−x) in its solvothermal growth process with in-situ powder X-ray diffraction (PXRD)
techniques. As previously discussed that the large scale growth of these 2-D materials is
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challenging as the mechanism behind them are complex. However, the growth mechanism of
solvothermal growth of bismuth chalcogenide nanocrystals remains unclear due to the lack of
efficient in-situ characterization tool. In this chapter, the PXRD technique enables investigation
of crystallization curves, lattice parameters, and crystal size evolution under a variety of
synthesis conditions in the real time. On the basis of the crystallization curves and crystal size
evolution, a general 3-step crystallization process has been deduced: (1) An induction period
for the dissolution of the precursor and nucleation of Bi2SexTe3−x, followed by (2) rapid growth
of planar crystals through the oriented attachment, and finally (3) a diffusion-controlled slow
growth step consuming the remaining precursor from the solution. Oriented attachment has
been proved to be very effective for the growth of binary composites,

resulting in a high

yield of large planar crystals; however, it is much less effective for the growth of ternary
composites due to lattice mismatch of the nuclei formed at the induction period, producing
much smaller crystals accompanied by a limited

yield of large planar crystals.

Additionally, three intermediate phases (Bi2TeO5, Bi2SeO5, and Na2SeO3) were observed that
played an importantrole in controlling the phase separation as well as the composition
of the final ternarycompounds. This chapter serves as the basis of preparation of such
material and support thelater studies.
Chapter 4 studies the precisely controlled large-scale production of graphene and bismuth
chalcogenide heterostructure, and explored its practical electric and optoelectronic applications.
As been proved in the previous chapter that ternary bismuth chalcogenide nanocrystals are hard
to form as they have versatile chemical compositions at the beginning of the induction period.
However, the ternary composited bismuch chalcogenides are particularly interesting as their
bandgap can be tuned by different chemical compositions. Furthermore, the hetersotructre of
graphene and ternary bismuch chalcogenides, which may have new applications, have never
been reported in the solution phase. In this chapter, a solvothermal method is demonstrated to
produce van der Waals heterostructures consisting of metal chalcogenides and graphene in a
large scale. In situ powder X-ray diffraction reveals that graphene plays an important role as
atomic template to grow bismuth chalcogenide nanoplatelets with preferential stoichiometry of
Bi2Se1.5Te1.5, which is naturally unstable. It is found that Bi2Se1.5Te1.5 has the minimum lattice
mismatch with graphene (<0.1%). The release of lattice mismatch strain between Bi2Se1.5Te1.5
and graphene sheet is evidenced by a new peak in the ultraviolet photoelectron spectroscopy.
A macroscale free-standing heterostructured thin film with excellent mechanical flexibility is
fabricated by simply filtering the large-scale solution processed heterostructure. The
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heterostructure film is used to fabricate a flexible photodetector, which shows a broadband
photo response and excellent durability in a bending test. The heterostructure material and
device demonstrated in this work may shed light to flexible optoelectronic devices and
applications.
Chapter 5 reports a strong and tuneable plasmonic coupling in graphene-Bi2Te3
heterostructure with the help of silicon (Si) gratings. Graphene and bismuth chalcogenides both
support Dirac plasmons. However, due to many reasons, such as sample imperfection and
materials handing difficulties, the coupling between these two plasmon systems were not
reported. In this work, we fabricated the graphene and Bi2Te3 thin films on Si gratings. The
plasmonic resonance of graphene-Bi2Te3 can be largely tuned by changing the grating period.
Unlike individual layered materials either graphene or Bi2Te3, the plasmonic wave in
heterostructure graphene-Bi2Te3 has enhanced resonance magnitude and large shift to lower
frequency. The idea to hybridize Dirac plasmons in different layered materials will stimulate
the interest to study variant plasmonic heterostructures and trigger new terahertz device
applications.
Chapter 6 focuses on the plasmonic mode excitation and observation in 2-D materials. In
this chapter, continuous graphene wrapped pillar structure fabricated by one-step direct growth
of graphene on pre-shaped silicon substrates is presented. Graphene is known as a flat 2-D
material. However, the plasmon resonance on the flat surface normally supports only low order
modes, which limited the application of graphene plasmons. In this chapter, various plasmonic
modes supported on the 3-D graphene pillars are observed and studied with their comparative
graphene pillar components. It is found that the existence of sidewalls in the vertical dimension
have an enormous influence on the transmission spectrum dip. Furthermore, the graphene
sidewall thickness, together with the pillar width is proved having the most significate impact
to change the first mode dip position among other parameters, such as pillar height, spacing
and periodicity. In sum, this work draws our attention to the ‘vertical’ dimension of the 2-D
materials, and provides a practical solution to easily achieve the 3-D graphene structure with
novel controllable vertical feature. The graphene pillar structure reported in this work can be
easily adopted by many other applications including the active or passive tuneable THz
modulation. It is believed that the graphene pillar promises future applications in the THz
communication and surveillance components such as modulators, phase-shifters, attenuators,
and polarizers.

4

Chapter 7 summaries the previous chapters in this PhD project, discusses the major findings
and proposals of the future perspective of this research area, particularly in disciplines of
fundamental plasmonic research and miniaturized device design and fabrication. In this chapter,
we also proposes the further investigation of graphene surface plasmon wave in the photonic
crystal waveguide (PCW) structures by near field techniques. In sum, this work contributes to
the knowledge of preparation of graphene and bismuth chalcogenides, and their photonic and
optoelectronic applications.

5

Chapter 2: Literature review
2.1 Background
Two-dimensional (2-D) materials aren’t new at all. The history of 2-D materials dates back to
1930s, when Landau and Peierls argued that atomic thin 2-D crystals were thermodynamically
unstable and therefore could not exist. 1,2 However, the passion in studying the “none-existing”
single sheet of graphite didn’t fade for the next a few decades. 3-5 Actually, the enthusiasm in
the new type of material gave rise to a tide in researching the unusual physical phenomena in
2-D materials, such as charge density waves 6 and high-temperature superconductivity. 7,8 In
1987, Mouras proposed the single sheet of the graphite can be produced via fluorides
intercalation.9 Nevertheless, facing production and characterization challenges, the
experimental demonstration of single layer graphite has not been achieved until 2004 by
Novoselov and Geim with another simple Scotch-tape method. 10 This discovery soon makes
graphene famous and a broad research topic due to graphene’s many fascinating physical
properties. 11, 12
Graphene’s success triggered the researchers’ curiosity into many other 2-D crystals. 13 Some
other representative 2-D family members are black phosphorus,14-

21

boron nitrite,22,

23

transition metal dichalcogenides (TMDC) 24- 26 and bismuth chalcogenides.27-35 (Figure 1.) All
these 2-D materials play important roles where graphene is out of reach. For example,
graphene’s zero bandgap dims itself when coming to the semiconductor applications.
Specifically, the electronic devices requires semiconducting materials, which can be switch on
and off under certain condition. However, graphene is more metal-like conductor. Therefore,
small band gap materials are needed. On the other hand, when constructing complex multistacking geometry of the 2-D materials based electronic devices, the boron nitrite becomes
necessary for its large bandgap and insulating nature in order to prevent a short circuit in the
device. In this sense, the various 2-D materials and their combinations provide even greater
technology payoffs than graphene along.

36- 39

In all, considering all the other fascinating

physical properties of the 2-D materials’ family, we are confident in envision a future with
graphene and other 2-D materials filling our daily applications from the next generation flexible
optoelectronic chips to high density energy storage devices.
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Figure 1. 2-D Materials with different band structures cover a broad range of the optical spectral
range. 37

2.2 Structures and properties of graphene, and bismuth chalcogenides
2. 2. 1 Structure and properties of graphene
Graphene is a single atom-thick layer of hexagonal lattice arranged carbon atoms. It can also
be considered as an ultimate large flat polycyclic aromatic molecule. Similar to the carbon
atoms in its aromatic molecule family, each carbon atom in graphene has four bonds, including
three head-to-head σ bonds and one shoulder-to-shoulder π-bond. The σ bond, with a length of
1.42 Å, connects two neighbour carbon atoms, and the π-bond in each carbon atom contribute
to a delocalized electron hybridization for the large aromatic ring. Thanks to the sp2
hybridization of the carbon atoms, graphene and its “rolled up” occurrences (fullerene and
carbon nanotubes) (Figure 2.) become stabilized and obtain fascinating mechanical and
electronic properties.

7

Figure 2. Graphene, a single layer of graphite, is the original building block of its other
allotropes. It can be wrapped up to 0D fullerene, rolled up to 1-D carbon nanotube or
stacked
- into 3-D graphite. 11
New materials yield new physical properties. Single layer graphene has demonstrated
extremely large surface area of 2,630 m2g-1, 40, 41 high optical transparency up to 97.7% per
layer,

42,43

1,100 GPa of Young’s modulus and 125 GPa of fracture strength, which is even

stronger than steel.40 Furthermore, with the symmetry caused by one carbon atom at each lattice
point, graphene’s conduction and valence bands meet at the corner of the Brillouin zone (Figure
3.). These crystallographic points (K and K’), known as Dirac points, are coincide with the
Fermi energy EF. As a consequence, graphene has the linear energy-momentum dispersion of
electrons, which is described by Dirac equation instead of the dominating Schrödinger equation.
44
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Figure 3. Three dimensional representation of the electronic band structure of graphene. The
region near the Fermi level in on K point has been enlarged in the right panel, which shows
two Dirac cones touching at a single point. 45
This feature makes graphene’s charge carriers transport relativistically, ballistically, and
continuously tuneable. Graphene’s electrons and holes in concentrations n can be tuned to as
high as 1013 cm-2 and their mobility µ can exceed 15,000 cm2V-1s-1 even under ambient
conditions. 200,000 cm2V-1s-1 of charge carriers’ mobility can even be achieved on suspended
graphene.46 Graphene’s band structures can also be tuned with different layer numbers,47
stacking geometries

48,49

and substrate selection.50 On the other hand, graphene has high

thermal conductivity around 2,000 Wm-1K-1. These unique features of graphene make it an
excellent candidate in the electronic applications.
Last a few years saw graphene’s prosperous growth in various applications, such as
electronic devices,

51, 52

optoelectronic devices53- 55supercapacitors56, chemical sensors57 and

mode locked lasers.58, 59 Besides the interesting electronic properties mentioned before,

60, 61

the metallic surface of graphene greatly meets the requirement of the surface plasmon
polaritons (SPPs) and enriches the field of plasmonics. The surface plamson polaritons are
collective electron oscillations that exist on the metal-dielectric interfaces. Graphene’s large
real part, while much smaller imaginary part in its refractive index makes it an excellent
material to support the SPPs.62 Graphene surface plasmons, characterized by relatively low
loss, high confinement, flexible feature and excellent tuneability not only provide valuable
insights into many-body effects, including electron-phonon, electron-electron, and plasmonphonon interaction, but also trigger potential applications, such as optics transformation,
plasmonic metamaterials, light harvesting and other applications in electronics, optics energy
storage, THz technology and potentially in the biotechnology.63, 64 In particular, the recent
advancement in graphene metamateirals and plasmonics promises novel optical devices

9

working at broader ranges with extremely high speed, low driving voltage, low power
consumption and compact sizes. 62 (Figure 4.)

Figure 4. Graphene based display (green), electronic (blue) optical (pink), optical
interconnect (brown) applications with possible application timeline. 12
2. 2. 2 Structures and properties of bismuth chalcogenides
Bismuth chalcogenides refer to a group of materials consist of the bismuth and chalcogenides
elements, specifically Se and Te in this work. Their combinations result in Bi2Se3, Bi2Te3 and
Bi2SexTe3-x depending on different Se : Te stoichiometric ratios. The bismuth chalcogenides
crystals discussed in this work shares the rhombohedral crystal structure (a = b ≠ c, α = β =90°,
and γ = 120°; space group = R-3m), which composed of hexagonal close-packed atomic layers
periodically arranged along the c axis. 65, 66 Each five atomic alternative layers is known as a
quintuple layer, between which lies the van der Waals gap (VWG).

67

(Figure 5a) As the

bismuth chalcogenide is a layered semiconductor material, it cleaves easily along the trigonal
axis due to the Van der Waals bonding between neighbouring tellurium/selenium atoms. In the
early times, the bulk phase bismuth chalcogenides were often used as a group of high
temperature solid lubricant for mechanical machining. Due to the fact that heavier element
compound with larger atomic mass can reduce the thermal conductivity, it is not a surprise that
it has also been widely used as a type of thermoelectric materials in recycling waste heat since
1950s. 68

10

Figure 5. (a) Crystal structure and electron microscopy characterizations of the Bi2Se3
nanoribbons and thin films. 67 (b) Exotic electronic states in topological insulators, metallic
edge of 2-D topological insulator and 3-D topological insulator, the quantum Hall effect in
a 2-Delectron system from top to bottom. (dissipationless metallic edge or surface are
shown in yellow) 69

In the last few years, lower dimensional materials have been intensively studied, and their
properties have been proven to be significant different from the properties of their 3-D parent
materials. The bismuth chalcogenides family is no exception. Thus many nanostructured
bismuth chalcogenides such as nanowires

70, 71

and thin films72 have been prepared. A

significant improvement of the Seebeck coefficient (voltage per unit temperature difference)
has been observed in their nanostructures.

31, 73, 74

. The nanobulk structures of bismuth

chalcogenides possess characteristic low thermal conductivity and excellent electrical
conductivity.

75

These properties can even be tuned by different levels of chemical doping. 35

For example, by optimizing the chemical composition (x=0.3) in Bi2SexTe3-x, the
thermoelectric figure of merit ZT can reach 0.54 (RT), five times as that of Bi2Te3.35
Furthermore, hybrid structures and nanometer confinement have been proven to improve the
thermoelectric performance of resulting products. 69, 76, 77
More interestingly, it is found that a special spin orbital coupling state exists in the Bi2Se3
and Bi2Te3. Therefore, the 2-D bismuth chalcogenides have been recently recognized as
topological insulators. 69 In brief, topological insulators are a type of materials with insulating
interior but conducting surface. The key mechanism underlying behind the materials is the

11

time-reversal symmetry, which means the materials’ physical behaviour is independent of
whether time is fowling forward or backward. This makes the surface states robust, be
maintained even when the surface defects are inevitable. Such surface state further promises
the fascinating potential applications in the electronics devices due to the facts that electrons
are not very likely to be back scattered in charge transport processes. 69 Moreover, the complete
suppression of backscattering has prevented the Anderson localization and render the crystal
conductive even when the crystal defects exist, famously known as dissipationless process.

78

This topological surface attracts great of attention because it has surpass several limitations
of the quantum Hall effect, mostly the requirement of strong magnetic field. The quantum Hall
effect was a major discovery in physics in 1980s. 79 In a two dimensional quantum Hall system,
the electrons can only circulate in quantized orbitals in one direction along the edge in the
presence of magnetic field, resulting an inert internal. This special quantum Hall system
provide vast opportunities in electrical applications. In contrast, topological insulator system
employs a quantum spin Hall system80, 81, 82, in which its electron spin is “locked up” with its
motion momentum. Instead of under an external magnetic field, the propagation electrons have
to flip the spin, either spin up or spin down, in helical metal to be reflected or scattered by a
defect, which is potentially more interesting in terms of multiple areas of applications.
The topological insulators are known for their separate bulk state and the non-trivial surface
state. For the common semiconductors, the surface states are usually fragile due to the dangling
bonds on the surface, which store residing energy in the bandgap. However, on the surface of
the topological insulator, the properties are governed by the topological invariant, which cannot
be changed as long as the material remains interior insulating. 80- 82 In other words, the gapless
surface state is an effect that occurs at the interfaces of topological insulators and insulating
media. Therefore, the existence of these surface states is relatively irrespective of local
chemical bonding structures.
The theoretical prediction of the topological insulators dates back to 1987

83

and

subsequently supported by a series of experimental evidences in 2007. 69, 81 The first generation
of topological insulators in the (Hg, Cd)Te materials.80, 82 Accordingly to the quantum spin Hall
effect, electrons flows along the time-reversal symmetry protected edges freely. 80, 82 Thus they
have been named as 2-D topological insulators. The next generation of topological insulators
refer to Bi, Sb, Te alloys,

84, 85

including Bi2Se3 and Bi2Te3, which have their whole surfaces

time-reversal symmetry protected. In contrast to the 2-D TIs, they are known as 3-D topological
12

insulators. (Figure 5b) The 3-D TIs, such as Bi2Se3 and Bi2Te3, scatter electrons in multidirections, however will also force the electrons to propagate in low dissipation state. Since the
first simple three-dimensional (3-D) topological insulator Bi2 Sex the theoretically predicted in
2007,

85

the topological insulator band structure (Figure 6) has been revealed with angle

resolved photoemission spectroscopy (ARPES) by Chen et al.

27

. Many researchers from

physics, materials science and chemistry have been attracted to join the study of this new
research field

27, 29, 85

in spintronics86, thermoelectronics35, 74, memory devices31-33, 74, 87- 91,

microelectronics70, 92, 93, plasmonics94-99, mode locked laser100 and other THz applications30, 101104

.

Figure 6. Strong spin-orbit interaction gives rise to a single SS Dirac cone. (a, b) Highresolution APRES mapping of the surface electronic band dispersion on Bi2Se3 with different
momentum-space cuts. (c) Momentum distribution curves corresponding to the surface bands.
105

2. 2. 3 Graphene and bismuth chalcogenides heterostructures
The surface states of the topological insulators are not only fundamentally interesting for
novel physics, but also expected to be practically important for innovative applications.

69

Recently, by using different TI- based heterostructures, emergent properties of topological
surface states have been observed or predicted 106- 121 For instance, induced energy gap can lead
to different exotic surface states at the surface of a 3-D topological insulator according to
various proximity effect. 122 Specifically, when heterostructure is formed between topological
insulators and superconductors, superconducting proximity effect is observed. This provides a
platform to observe Majorana fermions

123, 124

13

and a new venue for realization proposals of

non-Abelian topological quantum computing.106, 125, 126 By replacing the superconductor with
ferromagnet in a TI based heterostructure, the magnetic gap can lead to a novel quantum Hall
state and topological magnetoelectric effect,

127, 128

which will further reveal inverse spin-

galvanic effect and gain spin battery effect.129, 130 Additionally, enhancement of the catalysis
effect by the robust topological surface states in Au-covered TI has been observed due to the
proximity effect. 112
As the surfaces of three-dimensional (3-D) topological insulators (TIs) and graphene both
share low energy electronic structure, in which the conduction and valence bands touch at
isolated points, the Dirac points, the Dirac fermions at both surfaces are expected to generate
new physics.

69, 131

For example, the heterostructure of Dirac materials, graphene and

topological insulators, provides interesting platform to explore novel physics, such as exotic
quantum states of electrons in solids and spin-orbital coupling. 132 In Jin’s work, the epitaxial
grown graphene on the topological insulatots is turned to quantum spin hall phase, and
developed a sping-orbital gap of 20 meV. 132 In 2014, Zhang and et. al. have provided evidence
that the lattice matched system plays a crytical role of the proximity effect. Strong spin-orbital
coupling enhancement induced by TI (Bi2Se3, Bi2Te3 and Sb2Te3) and graphene
heterostructures can be tunned effectively by the stacking angle.

133

Kou and et. al. have

demonstrated that graphene’s Dirac states can be siganificantly influenced by the strong spinorbital coupling in BiTeX (X = Cl, Br and I), and turned to a nontrivial topological band
structure. 134 Their calculation with nontricial Z2 index also confirms the unique Dirac transport
system in the heterostructure, which combines the Dirac strates from both graphene and
topological insulator. The theoretical prediction of the intrinsic spin Hall effect in metals and
insulator has generated great interest in the field of spintronics, because the facts that this effect
allows direct electric manipulation of the spin degrees of freedom without a magnetic field,
and the resulting spin current can flow without dissipation. The Spin-momentum locking
properties observed in the topological insulators found its potential applications in the surface
plasmon resonance, photoelectron spin-flipping and texture manipulation.135,136 Practical
applications of graphene and topological insulators include flexible electric devices,137, 138
photodetectors, 39, 139 and other THz applications. 51, 101, 140 - 145

2.3 Preparation of graphene and bismuth chalcogenides
The widely used methods to prepare graphene and 2-D materials are generally divided into
two major approaches: top down methods and bottom up methods.

77, 146

Top down methods

refer to the processes which breaks materials down from a bulk form to a lower dimension

14

form. These methods include mechanical exfoliation,

10

solution exfoliation,

147-149

intercalation methods.150-152 Bottom up approaches refer to the processes which synthesis the
2-D materials from atomic scale. They include solution synthesis,
deposition,

157-164

and molecular beam epitaxial.

165-168

153-156

chemical vapour

These methods have their advantages

and disadvantages which could be adapted for various applications. (Table 1) Three
representative methods will be further discussed in the following section.

Table 1. Properties of graphene prepared by different methods. 12

2. 3. 1 Mechanical exfoliation
Graphene was firstly prepared by mechanical exfoliation method by Professor Andre Geim
and Konstantin Novoselov in 2004.10 Because the mechanical exfoliation method employs a
scotch tape to peel off the 2-D material layers, it is also known as a Scotch-tape method. (Figure
7.) The advantage of this method is it creates the high crystalline single layer 2-D material
without complex techniques. Thus made materials are perfect for physical properties study and
device fabrications in a lab scale. 169 However, the mechanical exfoliation method performed
with simple scotch tape usually requires experienced hands. The produced samples are usually
in micro-meter size and in random shapes. Lack of receptivity and process standards hinder
this method from larger scale production.
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Figure 7. (a) Schematic shows the mechanical exfoliation procedure performed on HOPG
(Highly Oriented Pyrolytic Graphite) with Scotch-tape. 170 (b) Optical image, Raman and
AFM characterizations of the exfoliated graphene with different layer thicknesses. 42

2. 3. 2 Chemical vapour deposition
Chemical Vapour Deposition (CVD) is a solid state process used to synthesis high quality,
large area 2-D materials. 161 This process is also widely used in the semiconductor industry to
produce thin films. The conventional CVD process takes place in a quartz tube under high
vacuum, in which a metal foil substrate is usually placed in the furnace to serve as a catalysis
for the graphene growth. Then the H2 gas is introduced into the furnace to protect the
environment and active the metal catalysis during the annealing of the substrate. The annealing
step allows the growth of the copper crystal grains to a few micrometer size under high
temperature (>1000 oC). Then the carbon species such as CH4 and C2H2 are introduced to the
furnace, and decomposed into carbon atoms with the help of H2. H2 is also used to activate the
metal catalysis and assist the nucleation of the graphene. 171 In this way the single crystals of
graphene are formed on the surface of the metal surface. (Figure 8a) As the time passes, the
single crystals grow larger and merge into a whole complete polycrystalline graphene film.
(Figure 8b) Graphene produced by this method is suitable for electronics and optoelectronic
device applications.

162, 172

Depending on the reaction condition, the CVD method has been

developed into other subclasses, such as ambient pressure CVD,
174, 175

173

plasmon enhanced CVD

and physical vapour deposition.75 The physical vapour deposition method, which

evaporates the chemical compounds from bulk form to deposit into lower dimension form
without chemistry reactions, are also widely used in the preparation of the 2-D crystals. The
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major challenges faced by this methods are controlling of the material coverage, uniformity,
and the number of layers as well as transferring techniques onto the desired substrates.

60

Overall, the CVD method is a great process can be used in large scale production of each 2-D
materials and their heterostructures. 138, 176, 177

Figure 8. (a) Schematic showing the CVD procedure of growing graphene on copper foil.
Firstly, the copper foil with native oxide is treated to CH4/H2 atmosphere at 1000 o C; then, the
nuclei of graphene islands started to grow and merged to larger flakes.

161

(b) shows SEM

iamges of graphene on copper foil at different growth time from 1 min, 2.5 min to 10 min.161
2. 3. 3 Solvothermal growth
Solvothermal growth method is one of the most important chemical synthesis methods for
growing nanocrystals in a liquid phase.178 The precursors are introduced in the solution phase
with a predesigned chemical stoichiometry, then react at an elevated temperature and high
pressure. As this chemical process is performed in a sealed autoclave, it is easily scalable and
a cost efficient method. Nevertheless, the main challenges behind this process are:1. the crystal
growth in the solution phase is a relatively complex process and involves competitive growth
mechanism; 2. it lacks direct monitoring tools, which remains the process opaque to the
researchers; 3. precise experimental environment control is critical in order to grow a target
crystal type. Therefore, the understanding of the growth mechanism of each 2-D crystals
become extremely important for step by step process. 179
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Figure 9. (a) Growth process of nanoparticles according to time scale178. (b) Integrated
characterization of Bi2Te3 nanoplates obtained by solvothermal growth method. 180

Figure 9a shows traditional methods to observe the nanoparticle growth with ex situ
method, which means the samples are retrieved observed under microscopy. However, the
observation is usually inconsistent during a large time scale. In term of the synthesis of 2-D
materials mechanism and kinetics involved in the solvothermal synthesis of the 2-D materials
are more important as their crystal growth are anisotropic. As to our knowledge, several
attempts have been made to demonstrate the controlled synthesis of Bi2Te3 180-182, Bi2Se3183,
and ternary Bi2SexTe3-x35 nanocrystals. The oriented attachment (OA) growth mechanism was
proposed in an ex situ transmission electron microscopy (TEM) characterization study of
Bi2Se3 and Bi2Te3

184

. However, lacking a view of the whole process, more evidences are

required to support the proposed mechanism.
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2.4 in situ Powder X-ray diffraction monitoring
In situ powder X-ray diffraction (PXRD) is a powerful technique in advanced materials
science

185-187

to solve the problem of direct monitoring the whole crystal growth process. It

usually employs a synchrotron, a magnetic field guided cyclic particle accelerator, as a light
source to bend electrons in a ring geometry route and generate photons at the ring’s tangential
direction. The generated synchrotron beam is filtered through various filters and aligned
afterwards to a specific beam line (Powder X-ray Diffraction beamline), as shown in Figure
10a. The first idea of synchrotron was conceived in 2000 by Sir Marcus Oliphant. 188 Compared
with TEM, the PXRD has the advantage of characterizing bulk sample, hence is statistically
more reliable for elucidating kinetics and mechanisms. Compared with laboratory based in situ
PXRD, synchrotron based in situ PXRD has the advantages of higher angular resolution, higher
signal to noise ratio, faster data acquisition to follow rapid reactions, and wavelength
selectability to minimize florescence and absorption. However, its application to solvothermal
synthesis has only been available in recent years due to the development of customized microautoclaves 146, 193, 195, 201-203. In the real experiment, the starting slurry is injected into a quartz
glass microreactor (1 mm in outer diameter, 0.1 mm in wall thickness, and 35 mm in length).
The microreactor was then sealed into a custom-made stainless steel holder that was initially
designed by Norby. 193 External N2 pressure (2.5 MPa) is applied to the microreactor through a
pressure line during the solvothermal synthesis to prevent boiling of the solvent. The loaded
microreactor is fixed at the X-ray beam center for signal measurement and collection.

204

(Figure 10b) By now, lots of chemistry processes have been successfully studied by the in situ
Powder X-ray diffraction techniques. For example, it is capable of providing real time
information of phase transition

185-186, 189, 190

nanoparticle crystallization

storage199, 200 and metal organic framework synthesis. 193, 198
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199-198,

energy

Figure 10. (a) Schematic of the Powder Diffraction (PD) beamline at Australian Synchrotron.
(Retrieved from: http://www.synchrotron.org.au/aussyncbeamlines/powderdiffraction/technical-information) (b) A photograph of the experimental setup at the end
station of the PD beam line.

2. 5 Photodetector applications
Graphene is famous for its significant wavelength independent absorption and high carrier
mobility, which make it an excellent candidate for the optical and optoelectronic devices. One
of the most important application in this field is photodetection. 205, 206 Past few years have
witnesses the outstanding fast development of graphene photodetectors, which are
characterized by high response speed, broadband detection and flexibility.

206

However, the

relatively inefficient excitation separation mechanism in the pure graphene photodetector
results in low photoresponsivity 11 and low photocounducntive gain 207, 208. In order to improve
the performance of the device by modify the properties of materials, there are several common
approaches. The straight forward one is opening a band gap on graphene, 209-211 However, this
method is strongly limited on the fabrication process and tuneability. Second approach is to
involve the other two-dimensional materials with controllable bandgaps into the photodetector
system. Commonly reported materials include the transition metal dichalcogenides (TMDCs).
212, 213

Though there are other approaches, such as introducing semiconducting quantum does

(QD) on graphene, 214 the much smaller optical gaps in these semiconducting materials strongly
limit their application in the near-infrared spectra range, which was a great advantage of
graphene. To solve this critical problem, researchers attempt to introduce small band gap
materials into the photodetection system. Bi2Te3, Bi2Se3, Sb2Te3, which have a very small band
gap (0.15~0.3 eV) become a favourable choice.

122, 215, 216

Employing the van der Waals

heterostructures of graphene and bismuth chalcogenides not only retain the merits of graphene,

20

but also take advantages of exotic properties of bismuth chalcogenides to enhance light-matter
interaction and reduce carrier recombination. Pioneer work has demonstrated that the graphene
–Bi2Te3 heterostructure photodetector shows about 1000 times improvement in the
responsivity of the monolayer graphene based device.

139

(Figure 11a) With proper band

structure alignment, G-MoS2,223 G-MoS2-G,224 G-WSe2-G,225 MoS2-G quantum dots226 and
other 217-222, 227 heterostructures are used for photodetections. (Figure 11b-e)

Figure 11. Examples of graphene based heterostructure for photodetection applications. (a) GBi2Te3 heterostructure. 139 (b) G-MoS2 heterostructure. 223 (c) G-MoS2-G heterostructure224. (d)
G-WSe2-G heterostructrue. 225 (e) MoS2-G (quantum dots) heterostructure.226

2.6 Plasmon resonance studies in far-field and near-field
Due to graphene’s zero-band gap nature, it has obtained relatively high Dirac charge
conductivity, 228 large mode confinement 229-231 and chemical/electrical tunability. 229, 232 More
importantly, the lifetime of SP modes in graphene can reach hundreds of optical cycles, which
potentially circumvent one of the major bottlenecks faced by noble-metal plasmonics.

233, 234

As a consequence, graphene is able to support highly localised plasmon resonance (LPR)
modes, which makes it possible to observe stronger light-matter interactions in graphene based
structures. In 2011, Ju et al. pioneers plasmon excitations by engineering graphene film into
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micro-ribbon arrays, and found that graphene plasmon resonance peak can be tuned over a
broad terahertz frequency range by changing micro-ribbon width and in situ electrostatic
doping. 229 After the demonstration of graphene plasmon, graphene plasmon reseach has been
boosted in the terahertz (THz) range,

206

and led to a variety of practical applications in

plasmonic devices. 235-251 Various flat graphene structures, such as graphene films, 250 ribbons,
229, 235-237

rings, 238-239 disks, 2238-240 holes arrays, 251 patches 252 and graphene photonic crystal

structures 253 have been proposed and studied. (Figure 12) In these graphene patterns, the lightmatter interaction has been enhanced by summing up each individual localized coupling effect
from neighbouring patterns.

238

However, single layer of graphene supports relatively low

resonance frequency/ magnitude dependence on carrier concentration. Thus, Yan et. al.
fabricated graphene/ insulator multilayer stacks to enhance the plasmonic resonance magnitude
according to the Dirac fermions’ carrier density scaling law.

240

Similarly, Zhang et. al. used

atomically thin hexagonal boron nitride (h-BN) films as insulating spacers to enable strong
plasmon coupling between adjacent graphene layers in vertical direction, which produces
plasmonic resonance frequency upshift by two times and enhances its magnitude by three times.
220

Further efforts of making stronger light-matter interaction calls for novel materials and

innovative structures in the future.

Figure 12. Patterned graphene and their FTIR spectrum. Graphene nanoribbons (a) and their
corresponding spectrum with different width (b). 229 Graphene and boron nitride multilayer
stacking disks (c) and their spectrum with different layer thickness (d). 240 Graphene photonic
crystal (e), and their representative spectrum (f). 253
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The far-field technique of studying the graphene based plasmon resonance is a relatively
indirect technique as it only observe the spectrum instead of the true electric-magnetic field
distribution. Deep understanding of the graphene plasmonic modes in subwavelength scale is
becoming critical to full master the potential applications of it.

254

As a result, the strong

requirement to image the real surface of the graphene plasmon has boosted the development of
specialized measurement techniques, the near field optical microscopy. 231, 235, 255
Near-field Scanning Optical Microscopy (NSOM) is a microscopy used for investigating
and exploiting the properties of evanescent waves that are beyond the far field resolution limit
governed by conventional Abbe limit. In 1982, Synge conceived the first idea of near-field
imaging by a pinhole tip. 256 In his idea, the detecting tip operates at very close distance, same
as aperture size, to the specimen surface. The tip serves as an opaque screen which illuminate
light, and the transmitted light through the sample is collected by a remote detector on the other
side. However, this setup is technically challenging at that time due to the lack of precise
positioning system. Therefore, the first generation of scanning near-field optical microscopy
design is not achieved until the 1980s by Zurich Research Laboratory

257, 258

and Cornell

University individually 259-262 with imaging resolution around λ/20. (Figure 14a, b) In order to
further enhance the scanning resolution, apertureless probe is later invented to replace the
apertured probe, and applied to the near field optical microscopy. 263-265 This type of probe is
also known as scattering type probe.(Figure 14c, d) One of the major advantage of this probe
is its ability on confining the IR light onto a nanoscale tip, which enables an increase of the inplane component of the momentum. This increasement further overcomes the mismatch of the
wavevectors between the plasmons in extended monolayer graphene and freely propagating
photons, leading to the efficient coupling of light to plasmons. Since this tip-enhanced
technique greatly increased the resolution of the near field mapping results, developing of such
techniques has continued during the last decade and became a powerful commercialized tool
that delivers high spatial resolution near field optical image with strong signal enhancement.
266-272

The near field optical microscopy has also been employed in investigating graphene,231,

273-275

boron nitride,276 metal structures277 and semiconductors.278
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Figure 14. (a) Schematic of NSOM with aperture at its probe tip. (Retrieved from
http://www.olympusmicro.com/primer/techniques/nearfield/nearfieldprobes.html) (b) SEM
image of the 50 nm wide aperture at the tip. 279 (c) Schematic of the scattering type NSOM.280
Scheme shows the scattering type NSOM can be used to study the graphene plasmon on the
SiO2 substrate. 274
Ss c

NSOM was firstly used to capture the real surface plasmon electric field distribution
properties on the graphene surface by F. Zhe. et al. 231, 275. (Figure 15a) This research inspires
researchers’ interests in the exploring of real space graphene surface plasmon and its
application of the next generation on-chip communication devices. In 2014, Alonso-Gonzalez
et. al. demonstrate that graphene plasmons can be excited with resonant metal antennas.

281

(Figure 15b) Subsequently, other graphene ribbons and diske are intensively studied.

284

Though, researchers argue that the graphene propagation length is limited on common
substrates 254, Woessner et. al. demonstrated that the damping of SPP on graphene surface can
be compensated with a layer of BN underneath. 282 Further evidences have also shown that the
surface plasmon losses have been further reduced in the quasi-suspended graphene due to the
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weaker coupling with the substrate phonons.

283

Therefore, the loss of graphene-based SPP

waveguide, characterized by the intraband scattering rate, is only limited by the quality of
graphene, which is continuously being improved with the development of fabrication
technology. In sum, as the graphene surface plasmon properties and modes are better
understood in the near field real space,284 the applications of graphene SPP waves are at the
horizon.

Figure 15. NSOM measurement of (a) graphene taper and defects231, (b) Au scatter on
graphene sheet, 281 (c) graphene ribbons,284 (d) graphene disks. 284

2. 7 Review summary and Aims
2.7.1 Review summary
In summary, this chapter reviews the structures and properties of graphene, bismuch
chalcogenides and their heterostructures with practical applications in photonics and
optoelectronics. We have discussed the general synthesis methods of these 2-D materials,
particularly mechanical exfoliation, chemical vapour deposition and solvothermal methods.
The advanced characterization technique, in situ X-ray powder diffraction, involved in the
main chapter of this dissertation has also been introduced and reviewed. With these advanced
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material preparation, fabrication and characterization technologies. We can further study the
growth and properties of graphene, bismuth chalcogenides and their heterostructures. Although
the graphene and bismuth chalcogenides based topological insulators attracted lots of interests
in the recent years, there are still many obstacles in preparation and fabrication before they can
be fully realized in the practical application areas such as electronics and optoelectronics.
Furthermore, the understanding of their application in the photonic devices, particular
plasmonic devices, remains low.
2.7.2 Aims
The aims of this dissertation are to explore preparation and optoelectronic applications of
the 2-D materials, specifically graphene and bismuth chalcogenides. The details of these aims
are listed as below: 1.This dissertation aims to study and understand the crystals growth
mechanism of the bismuth chalcogenides crystals and their graphene heterostructures in
solution. 2. This dissertation aims to produce graphene and bismuth chalcogenides nanocrystals
in large quantities. 3. This dissertation aims to demonstrate working devices of thus produced
graphene and bismuth chalcogenides heterostructures. 4. This dissertation also aims to deliver
the understanding and exploration of the plasmon resonance in graphene, bismuth
chalcogenides and their heterostructures.
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ABSTRACT: Ultrathin two-dimensional bismuth chalcogenide
materials have received substantial research attention due to their
potential applications in electronics and optoelectronics. While
solvothermal synthesis is considered to be one of the most
promising methods for large-scale production of such materials,
the mechanisms that govern the crystallization during solvothermal treatment are still poorly understood. In this work, the
solvothermal syntheses of Bi2SexTe3−x (x = 0−3) hexagonal
nanoplatelets were monitored by synchrotron-based in situ
powder X-ray diﬀraction, which enabled investigation of
crystallization curves, lattice parameters, and crystal size
evolution under a variety of synthesis conditions. On the basis
of the crystallization curves and crystal size evolution, a general 3step crystallization process has been deduced: (1) An induction
period for the dissolution of the precursor and nucleation of Bi2SexTe3−x, followed by (2) rapid growth of planar crystals through
the oriented attachment, and ﬁnally (3) a diﬀusion-controlled slow growth step consuming the remaining precursor from the
solution. Oriented attachment is very eﬀective for the growth of binary composites, resulting in a high yield of large planar
crystals; however, it is much less eﬀective for the growth of ternary composites due to lattice mismatch of the nuclei formed at
the induction period, producing much smaller crystals accompanied by a limited yield of large planar crystals. Additionally, three
intermediate phases (Bi2TeO5, Bi2SeO5, and Na2SeO3) were observed that played an important role in controlling the phase
separation as well as the composition of the ﬁnal ternary compounds.

1. INTRODUCTION
Bismuth chalcogenides such as Bi2Te3 and Bi2Se3 are wellknown thermoelectric materials1,2 and recently have been
demonstrated to be the ﬁrst generation of simple 3-dimensional
topological insulators.3−5 Topological insulators are a group of
insulators or semiconductors having an insulating interior
(large energy gap) in their bulk states and a time-reversal
symmetry-protected metallic surface.5 Owing to their special
physical properties, the topological insulators have a wide range
of potential applications in spintronics,6 nanoelectronics,7−9
thermoelectric devices,1,10 and optoelectronics.11,12
Two-dimensional bismuth chalcogenides, Bi2SexTe3−x (x =
0−3), are hexagonal plates with a thickness on the nanometer
© 2015 American Chemical Society

scale and width on the micrometer scale. They can be
synthesized by mechanical, physical, or chemical approaches.13
Examples include mechanical exfoliation,14,15 chemical vapor
deposition (CVD), 16−18 and molecular beam epitaxy
(MBE).19,20 However, these techniques often have limited
control over product composition and normally produce a
small quantity of materials, suﬃciently only for the demonstration of device fabrication. On the other hand, solvothermal
synthesis has proved to be a very eﬃcient and cost-eﬀective
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Figure 1. Schematic of the experimental setup for in situ PXRD at the Australian Synchrotron. The color of the microreactor represents the
temperature distribution; temperatures from high to low are red, orange, yellow, green, purple, blue, and black; only the red zone is monitored by
PXRD.

determining the ﬁnal product composition. On the basis of in
situ PXRD and electron microscopy results, we propose a 3step growth mechanism: (1) an induction period for precursor
dissolution and product nucleation, followed by (2) a rapid
growth step through the oriented attachment mechanism, and
ﬁnally (3) a diﬀusion-controlled slow epitaxial growth period
consuming the remaining precursor in the solution. Additionally, we found that oriented attachment is very eﬀective in
binary composition due to perfect lattice match of nuclei but
ineﬀective in ternary composition due to poor lattice match of
nuclei, producing very small sized nanoplatelets.

approach for producing these materials of designed composition and has a greater potential to realize mass production for
many practical applications.10
However, the mechanism and kinetics involved in the
solvothermal synthesis of bismuth chalcogenides have received
little attention, even though they are vital for optimizing the
synthesis parameters for desired products. Several attempts
have been made to demonstrate the controlled synthesis of
Bi2Te3,21−23 Bi2Se3,24 and ternary Bi2SexTe3−x10 nanocrystals.
In an attempt to synthesize Bi2Se3 and Bi2Te3, the growth was
suggested to follow an oriented attachment (OA) mechanism
rather than the seed-mediated growth.25 Crystal growth by OA
occurs by smaller crystals formed at the early stage of synthesis
attaching together. However, this conclusion was based on ex
situ transmission electron microscopy (TEM) characterization,
which has its limitation in viewing the whole synthesis process.
To reveal a clearer picture of the solvothermal synthesis, in situ
characterization to obtain direct reaction information is
required. Nonetheless, it is not an easy task to observe the
crystal growth under solvothermal conditions owing to the fact
that the reactions occur in a sealed autoclave.
In situ powder X-ray diﬀraction (PXRD) is a powerful
technique in advanced materials science.26−28 For example, it is
capable of providing real-time information on phase
transition,26,27,29,30 nanoparticle crystallization,31−34 electrochemical electrolysis,35 energy storage,36,37 and metal organic
framework synthesis.38,39 Compared with TEM, PXRD has the
advantage of characterizing bulk sample and hence is
statistically more reliable for elucidating kinetics and mechanisms, and compared with laboratory-based in situ PXRD,
synchrotron-based in situ PXRD has the advantages of higher
angular resolution, higher signal-to-noise ratio, faster data
acquisition to follow rapid reactions, and wavelength
selectability to minimize ﬂorescence and absorption. However,
its application to solvothermal synthesis has only been available
in recent years thanks to the development of customized
microautoclaves.32,39−42
In this work, we report the ﬁrst synchrotron-based in situ
PXRD investigation on the solvothermal synthesis of a series of
binary and ternary bismuth chalcogenide Bi2SexTe3−x (x = 0−
3) nanoplatelets. In situ PXRD was able to provide a complete
and unambiguous picture of the crystal growth process. The
synthesis is surprisingly complex, being very sensitive to
temperature, precursor type, and precursor concentration.
Five of the six syntheses involved one or two intermediate
phases (Bi2TeO5, Bi2SeO5, or Na2SeO5) that play a vital role in

2. EXPERIMENTAL SECTION
2.1. Preparation of Bi2SexTe3−x Precursor Slurries. The
precursor slurries for synthesizing Bi2SexTe3−x were prepared with
Bi:Se:Te molar ratios of (1) 2:3:0, (2) 2:0:3, (3) 2:1:2, and (4)
2:1.5:1.5. The following chemicals were used: bismuth oxide (Bi2O3,
Townson & Mercer), bismuth nitrate (BiNO4·H2O, Fluka), sodium
selenite (Na2SeO3, 99%, BDH Chemicals Ltd.), sodium telluride
(Na2TeO3, 99.5%, Alfa Aesar), ethylene glycol (EG) (BDH Chemicals
Ltd.), and polyvinylpyrrolidone (PVP) (Mn = 40K, Sigma-Aldrich).
Here EG serves both as a solvent and as a reducing agent, and PVP
acts as the capping agent, which attaches to the (001) facets, hence
facilitating the formation of the planar nanoplatelets.25
For the preparation of precursor slurries, 0.15 g of PVP was
dissolved in 2 mL of EG. To this solution, various amounts of the Bi,
Se, and Te sources (stoichiometric ratios) were added under vigorous
stirring. For the Bi2Se3 precursor slurry, either 0.100 g of Bi2O3 + 0.111
g of Na2SeO3 or 0.200 g of BiNO4.H2O + 0.170 g of Na2SeO3 were
added. For the Bi2Te3 precursor slurry, either 0.100 g of Bi2O3 + 0.143
g of Na2TeO3 or 0.200 g of BiNO4·H2O + 0.218 g of Na2TeO3 were
added. For the Bi2SeTe2 precursor slurry, 0.100 g of Bi2O3 + 0.037 g of
Na2SeO3 + 0.095 g of Na2TeO3 were added. For the Bi2Se1.5Te1.5
precursor slurry, 0.100 g of Bi2O3 + 0.056 g of Na2SeO3 + 0.071 g of
Na2TeO3 were added. In order to study the eﬀect of precursor
concentration on the crystal growth, another Bi2Se1.5Te1.5 precursor
slurry was prepared with the concentration doubled. All these mixtures
were stirred vigorously for 20 min and then used for the solvothermal
synthesis of Bi2SexTe3−x materials during the in situ PXRD
experiments.
2.2. Monitoring of the Solvothermal Synthesis Using in Situ
PXRD. In situ PXRD experiments were conducted at the Australian
Synchrotron powder diﬀraction beamline. Figure 1 shows the
conﬁguration of the experiments. The X-ray energy was 12.4 keV,
and the wavelength (1.0000 Å) was calibrated using a LaB6 standard
(NIST SRM 660b). The starting slurry was injected into a quartz glass
microreactor (1 mm in outer diameter, 0.1 mm in wall thickness, and
35 mm in length). The microreactor was then sealed into a custommade stainless steel holder that was initially designed by Norby.32
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Figure 2. (a) Schematic of the lattice structures of Bi2Te3, Bi2Te2Se, Bi2TeSe2, and Bi2Se3. Bi atoms are colored purple, and Te atoms (dark green)
are replaced by Se atoms (yellow) from left to right according to the stoichiometric ratio. Double colored atoms indicate that either Se or Te could
ﬁll these positions. Light red area represents the van der Waals gap (VWG) in between two quintuple layers. (b) Schematic of a rhombohedral unit
cell showing the (0 0 1), (1 1 0) and (1 0 0) facets.

Figure 3. In situ PXRD results for the syntheses of Bi2Se3 using (a) Bi2O3 and (b) BiNO4·H2O as Bi precursors. (I) PXRD patterns (viewed down
the intensity axis); (II) extent of crystallization of the product (squares) and temperature proﬁle (red line); (III) lattice parameters (a and c); and
(IV) Bi2Se3 crystal sizes perpendicular to the (0 0 6) and (1 1 0) crystal facets. Green and yellow dashed lines indicate the boundaries between the
nucleation and the rapid growth stages and the rapid and the slow growth stages, respectively.
2.3. PXRD Data Analysis. 2.3.1. Rietveld Analysis. PXRD data
were analyzed sequentially by the Rietveld method using the software
TOPAS v4.2 (Bruker-AXS) for determining the phase scale factor,
lattice parameters, and crystallite size. The extent of crystallization, α,
was then calculated by dividing the reﬁned scale factor of the
individual PXRD patterns by the reﬁned scale factor from a pattern
where crystallization was considered to be complete (typically the last
PXRD pattern). The composition of the product was determined from
the relationship between the Se/Te ratio and the d015 spacing in the
ternary Bi2SexTe3−x system (Figure S1, Supporting Information), using
d015 spacing of Bi2Se3 and Bi2Te3 calculated from Rietveld analysis.

External N2 pressure (2.5 MPa) was applied to the microreactor
through a pressure line during the solvothermal synthesis to prevent
boiling of the solvent. The loaded microreactor was ﬁxed at the X-ray
beam center and heated (50 °C min−1) to the synthesis temperature
(205 or 220 °C) by a hot air blower. The temperature was calibrated
using a KNO3 temperature standard and monitored by a K-type
thermocouple 3.5 mm beneath the microreactor. In situ diﬀraction
patterns were collected every 0.6−2.4 min by a position-sensitive
MYTHEN detector over the 2-theta range 1−81°. The synthesis was
terminated when no noticeable change in diﬀraction patterns was
observed.
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The initial structure models were from the ICSD database: No. 42545
for Bi2Se3, No. 74348 for Bi2Te3, No. 43512 for Bi2SeTe2, and No.
54838 for Bi2Se2Te.
2.3.2. Avrami Analysis. Kinetic analysis can provide insight into
reaction mechanisms. The kinetic analysis was performed using the
Avrami−Erofe’ev equation, which has previously been used successfully in modeling crystallization involving a solution phase.39,43 The
Avrami−Erofe’ev equation44,45 is written as follows

Bi 2O3 + Na 2SeO3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se3
28min ,220 ° C

The extent of crystallization of Bi2Se3 is plotted as a function
of time (Figure 3a(II)). The synthesis follows a 3-step process.
A 3 min induction period was followed by a sudden rapid
growth period in the temperature range from 166 to 220 °C. In
just 1.4 min 69% of Bi2Se3 growth was completed, indicating
the sudden rapid growth. This is in agreement with the
observation that at about 166 °C the light yellow slurry turned
to black (the color of bismuth chalcogenides). After the rapid
growth was a 24 min slow growth period, which accounted for
the growth of the remaining 31% Bi2Se3. From this observation,
we propose that the nucleation and growth are two separate
processes. In the induction period, at temperatures below 166
°C, the dissolution of the precursor phases resulted in a
solution supersaturated with respect to Bi2Se3, triggering the
nucleation of Bi2Se3. This resulted in the formation of a great
number of nuclei, giving rise to the rapid and sudden growth of
Bi2Se3. The nucleation and sudden growth of Bi2Se3 consumed
the majority of the precursor species in the solution, leaving a
solution with a relatively low concentration of the precursor
species; hence, further nucleation was limited and growth
slowed down.
The reﬁned lattice parameters a and c slightly varied during
the synthesis (the change was −0.014% for c and 0.007% for a)
(Figure 3a(III)). The mean crystallite size as a function of
synthesis time (Figure 3a(IV)) shows that the sudden growth
of Bi2Se3 within 1.4 min resulted in plates of 32 nm in thickness
(calculated from the (0 0 6) peak broadening) and 180 nm in
width (calculated from the (1 1 0) peak broadening). In the
following slow growth period the thickness kept relatively
constant while the width increased by 14% to 205 nm. This
corresponds to a volume increase of about 30% assuming
constant plate numbers (no further nucleation events). This
30% volume increase of the plates accounts for the remaining
Bi2Se3, which is 100% − 69% = 31%. Therefore, the nucleation
and growth are indeed separate processes. The fast nucleation
was followed by a rapid sudden growth of Bi2Se3 plates and
ﬁnally slow further epitaxial growth along the edges of the
hexagonal plates on the (1 0 0) facets.
The precursor type inﬂuenced the growth dynamics of
Bi2Se3. Using BiNO4·H2O as the Bi precursor also produced
Bi2Se3 nanoplatelets by the three-step crystallization process
(Figure 3b). However, the in situ PXRD experiment revealed
several diﬀerences compared with the synthesis using the Bi2O3
precursor. First, the synthesis is much slower, as both the
induction time (∼10 min) and the complete crystallization time
(∼65 min) were around 3 times of that observed for the
synthesis using the Bi2O3 precursor (compare Figure 3a(II) and
3b(II)); as a result, the onset of crystallization occurred at a
higher temperature of 220 °C. Second, the lattice parameter c
decreased rapidly (by −0.040%) during the rapid crystal growth
stage and then very slowly (by −0.002%) during the slow
crystal growth stage, while the lattice parameter a experienced
the opposite trend, a rapid increase (by 0.040%) followed by a
slow increase (by 0.030%) (Figure 3b(III)). Third, there is no
sudden growth of crystalsduring the rapid growth stage, the
plate width grew from 87 to 119 nm but the thickness was
almost constant, while during the slow growth stage, the width
remained almost unchanged but the thickness increased to 33
nm (Figure 3b(IV)). This means (1) the late slow growth
occurred on the (0 0 1) facets (the hexagonal surface of the

α = 1 − exp{− [k(t − t0)]n }
where α is the extent of crystallization, k is the rate constant, t is the
reaction time, t0 is the induction time, and n is the Avrami exponent,
which is related to the reaction mechanism.27,43 The values of n and k
can be conveniently obtained by applying the Sharp−Hancock plot,46
which plots ln[−ln(1 − α)] against ln(t − t0) and gives a straight line
with a slope of n and an intercept of n ln(k). A change in the reaction
mechanism can be identiﬁed by a change in the slope.
2.4. Electron Microscopy Characterization. The samples in the
heating zone were extracted from the microreactor and characterized
by SEM and TEM. The morphology was studied with a FEI Nova
NanoSEM 450 and FEI Nova NanoSEM 430. Chemical compositions
of the samples were qualitatively analyzed by energy-dispersive X-ray
spectroscopy (EDX) equipped on the FEI Nova NanoSEM 450. The
microstructure was investigated with a FEI Tecnai G2 T20 TWIN
TEM operated at 200 kV.

3. RESULTS AND DISCUSSION
In this in situ PXRD study, the growth dynamics of binary
compositions Bi2Se3 and Bi2Te3 and ternary compositions
Bi2SexTe3−x were explored. For the binary compositions, the
eﬀect of Bi precursor type (Bi2O3 vs BiNO4·H2O) was
investigated, and for the ternary compositions the eﬀect of
precursor slurry composition (Se/Te molar ratio), temperature,
and precursor concentration to the growth dynamics were
studied. The produced Bi2SexTe3−x nanoplatelets in these
syntheses share the same rhombohedral crystal structure (a = b
≠ c, α = β = 90°, and γ = 120°; space group R3̅m) (Figure 2)
composed of hexagonal close-packed atomic layers periodically
arranged along the c axis.47,48 Every ﬁve alternative atomic
layers are known as a quintuple layer, between which lies the
van der Waals gap (VWG).49 Interestingly, synthesis of each
composition showed distinguished features in terms of kinetics,
nanoplatelet size, or the appearance of intermediate phases. In
the following sections, the results for each composition will be
presented and discussed in detail.
3.1. Synthesis of Bi2Se3. Syntheses of binary compound
Bi2Se3 with two diﬀerent Bi precursors (Bi2O3 and BiNO4·
H2O) were carried out, and the corresponding in situ PXRD
results are shown in Figure 3.
When Bi2O3 was used as the Bi precursor (Figure 3a), the in
situ PXRD patterns show a straightforward growth of Bi2Se3 at
the expense of the Bi2O3 and Na2SeO3 precursor phases
(Figure 3a(I)). A series of diﬀraction peaks appeared after 4
min, and all these peaks can be assigned to paraguanajuatitetype Bi2Se3 (JCPDS Card No. 33-0214). The reﬁned lattice
parameters are a = b = 4.154 Å and c = 28.760 Å. The three
strongest peaks appeared at 18.849°, 27.856°, and 25.711°,
correspond to the (0 1 5), (1 1 0), and (1 0 10) facets of the
Bi2Se3 crystal, respectively. The positions of these peaks remain
almost unchanged during the entire synthesis, and no
intermediate or impurity phases were detected. Therefore, the
synthesis can be described by the following chemical reaction
(chemical composition of the ﬁnal product was conﬁrmed by
PXRD as shown in Figure S2, Supporting Information)
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Figure 4. In situ PXRD results of the syntheses of Bi2Te3 using (a) Bi2O3 and (b) BiNO4·H2O as Bi precursors. (I) PXRD patterns (viewed down
the intensity axis); (II) extent of crystallization of the product (squares) and temperature proﬁle (red line); (III) lattice parameters (a and c); and
(IV) Bi2Te3 crystal sizes perpendicular to the (0 0 6) and (1 1 0) crystal facets. Green and yellow dashed lines indicate the boundaries between the
nucleation and the rapid growth stages and the rapid and the slow growth stages, respectively.

platelets (JCPDS Card No. 89-2009) as the ﬁnal product and
followed the 3-step crystallization process.
When the Bi2O3 precursor was used, in situ PXRD patterns
and the derived crystallization curve reveal a fast crystallization
process (Figure 4a(I) and 4a(II)). The induction period took
only 2 min, and crystallization was complete within 30 min.
Similar to the synthesis of Bi2Se3, the crystallization can be
divided into a rapid growth stage at the beginning and a slow
growth stage toward the end of the synthesis (Figure 4a(II)).
The rapid growth occurred as the temperature rose from 135 to
220 °C. In just 4 min, 65% of the total Bi2Te3 was produced. In
the later slow growth stage, crystallization of the remaining 35%
Bi2Te3 took 24 min.
The unit cell parameters varied during the crystallization
(Figure 4a(III)). Parameter c ﬁrst increased during the rapid
growth stage and then decreased during the slow growth stage,
while parameter a showed the opposite trend. The nanoplatelets have a thickness of 21 nm and a width of 140 nm
(Figure 4a(IV)), being thinner and smaller than Bi2Se3. The
width of the nanoplatelets increased rapidly from 130 to 170
nm during the rapid growth stage and then gradually decreased
from 170 to 140 nm during the slow growth stage. The
thickness appeared to ﬂuctuate in the 20−55 nm range, which
is likely due to the weak diﬀraction of the (0 0 3) peak, and
hence, the accuracy of Rietveld analysis was compromised.
A distinct diﬀerence when compared with the synthesis of
Bi2Se3 using the Bi2O3 precursor is that an intermediate phase

nanoplatelets) rather than on the (1 0 0) facets as for the
synthesis using the Bi2O3 precursor and (2) the produced
nanoplatelets have a similar thickness (33 nm) but the width
(116 nm) is only about one-half of the width of the
nanoplatelets when the Bi2O3 precursor was used (compare
Figure 3a(IV) and 3b(IV)). Finally, the most distinguished
diﬀerence is the appearance of an intermediate phase, Bi2SeO5
(JCPDS Card No. 70-5102). This phase appeared after the
dissolution of the precursors at 175 °C, and then it dissolved
slowly during the growth of Bi2Se3. It is most likely that this
intermediate phase provided slow release of Bi and Se species
into the solution and consequently inﬂuenced the growth
dynamics of Bi2Se3. Hence, the synthesis using the BiNO4·H2O
precursor can be described by the following chemical reaction
(chemical composition of the ﬁnal product was conﬁrmed by
PXRD as shown in Figure S3, Supporting Information)
BiNO4 · H 2O + Na 2SeO3
EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2SeO5
5min ,175 ° C
EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se3
60min ,220 ° C

3.2. Synthesis of Bi2Te3. In situ PXRD results for the
syntheses of Bi2Te3 using Bi2O3 and BiNO4·H2O as Bi
precursors are summarized in Figure 4a and 4b, respectively.
Both syntheses produced tellurobismuthite-type Bi2Te3 nano3475
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Figure 5. In situ PXRD results of the synthesis of Bi2SexTe3−x obtained under diﬀerent reaction conditions: (a) Molar ratio of Se:Te = 1:2, precursor
concentration 5 wt %, and temperature 220 °C; (b) molar ratio of Se:Te = 1:1, precursor concentration 5 wt %, and temperature 220 °C; (c) molar
ratio of Se:Te = 1:1, precursor concentration 5 wt %, and temperature 205 °C; (d) molar ratio of Se:Te = 1:1, precursor concentration 10 wt %, and
temperature 220 °C. (I) PXRD patterns; (II) extent of crystallization of product (squares) and temperature curve (red line); (III) lattice parameters
(a and c); and (IV) crystal sizes of Bi2SexTe3−x composites in the directions perpendicular to the (0 0 6) and (1 1 0) crystal facets. Green and yellow
dashed lines indicate the boundaries between the nucleation and the rapid growth stages and the rapid and the slow growth stages, respectively.

Bi2TeO5 (JCPDS Card No. 70-5000) formed at 198 °C after
the initial dissolution of the precursor phases (Bi2O3 +
NaTeO3). After the formation of Bi2TeO5, Bi2Te3 grew at the
expense of Bi2TeO5 and complete Bi2Te3 crystallization
occurred at the point where Bi2TeO5 completely dissolved.

The Bi2TeO5 acted as a reservoir that constantly and slowly
released Bi and Te species into the solution for the growth of
Bi2Te3. Hence, the synthesis can be expressed as the following
chemical reaction (chemical compositions of the ﬁnal and
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formation of Bi2TeO5 changed the solution composition
signiﬁcantly from its initial Te/Se molar ratio of 2. As a
consequence, a Se-rich product Bi2Se1.58Te1.42 was formed at
the early stage of crystallization. Dissolution of Bi2TeO5 slowly
supplied more Bi and Te species, and the product gradually
became more Te rich, eventually forming Bi2Se0.79Te2.21.
The Bi2Se0.79Te2.21 crystallization also followed a 3-step
crystallization process but was a slower process than for the
crystallization of binary compounds. After a 4 min induction
period for precursor dissolution and product nucleation, there
was an 8 min rapid growth of the Se-rich composition,
Bi2Se1.58Te1.42, achieving 50% crystallization. This was followed
by slow Te enrichment, which lasted for 77 min. Accordingly,
the synthesis mechanism can be described by the following
chemical reactions (PXRD patterns of the ﬁnal and
intermediate products are shown in Figures S9 and S10,
Supporting Information, respectively)

intermediate products were conﬁrmed by PXRD as shown in
Figures S4 and S5, Supporting Information, respectively)
Bi 2O3 + Na 2TeO3
EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2TeO5
2.5min ,198 ° C
EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Te3
27.5min ,220 ° C

The inﬂuence of the diﬀerent Bi precursor (BiNO4·H2O, Figure
4b) for the Bi2Te3 synthesis is not as signiﬁcant as for the
synthesis of Bi2Se3. The synthesis using BiNO4·H2O had the
same induction time as the synthesis using Bi2O3 (2 min) but
longer total crystallization time (45 min), consisting of rapid
and slow growth stages (Figure 4b(II)); the same intermediate
phase Bi2TeO5 was formed at a lower temperature (140 °C)
and had a longer lifetime. Again, the dissolution of the
intermediate Bi2TeO5 determined the rate for crystallization.
The reason for the slower dissolution of Bi2TeO5 may be due
to the fact that the physical properties (size and morphology)
of the Bi2TeO5 may be diﬀerent when formed using diﬀerent Bi
precursors, hence aﬀecting the dissolution kinetics later. In
terms of lattice parameters, the unit cell experienced an
expansion along the c direction (by 0.400%) and contraction
along the a direction (by −0.200%). Additionally, the size of
the nanoplatelets synthesized using BiNO4·H2O was generally
wider (176 nm) and thicker (30 nm) compared with the
synthesis using Bi2O3 precursor (Figure 4a(IV) and 4b(IV)).
The chemical reaction for the synthesis of Bi2Te3 using BiNO4·
H2O as the precursor can be described as (chemical
compositions of the ﬁnal and intermediate products were
conﬁrmed by PXRD as shown in Figures S6 and S7, Supporting
Information, respectively)

EG + PVP

Bi 2O3 + Na 2TeO3 + Na 2SeO3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se1.58Te1.42
6min ,220 ° C

EG + PVP

Na 2TeO3 + Bi 2O3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2TeO5
5min ,220 ° C

EG + PVP

Bi 2TeO5 + Bi 2Se1.58Te1.42 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se0.79Te2.21
40min ,220 ° C

Quantitatively, the Te-enrichment process resulted in an
increase in lattice parameter a by 0.980% and c by 6.020%
(Figure 5a(III)), which was more than 20 times greater than
the lattice changes observed for the binary compounds. This
signiﬁcant change is due to the fact that the radius of Te atoms
is 16% larger than that of Se atoms. However, the synthesis
produced nanocrystals (∼15 nm) rather than large hexagonal
nanoplatelets, as determined from the calculated crystal sizes
perpendicular to the (0 0 6) and (1 1 0) planes (Figure
5a(IV)). This is in agreement with SEM observation (to be
discussed later), which showed a low yield of the large-sized
hexagonal planar crystals.
Attempts were also made to synthesize the naturally unstable
Bi2Se1.5Te1.5 phase. The synthesis was ﬁrst conducted at 220 °C
using a 5 wt % precursor concentration (Figure 5b). The in situ
PXRD patterns (Figure 5b(I)) suggested that phase-pure
Bi2Se1.5Te1.5 was not formed. Instead, 2 naturally stable
compositions were formed, Bi2Se2.09Te0.91 (an analogue to
skippenite) and Bi2Se0.97Te2.03 (an analogue to kawzulite). The
Se-rich phase (Bi2Se2.09Te0.91) had lattice parameters of a = b =
4.232 Å and c = 29.393 Å, and the Te-rich phase
(Bi2Se0.97Te2.03) had lattice parameters of a = b = 4.304 Å
and c = 30.162 Å. From the diﬀraction patterns (Figure 5b(I)),
a peak-shifting phenomenon was also observed at the early
growth stage during the dissolution of the intermediate phase
Bi2TeO5. After complete dissolution of Bi2TeO5, a second set
of sharp diﬀraction peaks corresponding to the Te-rich
composition started to appear and kept increasing in intensity
during the rest of the synthesis. Therefore, the chemical
reactions can be described as follows (PXRD pattern of the
ﬁnal product is shown in Figure S11, Supporting Information)

BiNO4 · H 2O + Na 2TeO3
EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2TeO5
2min ,140 ° C
EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Te3
43min ,220 ° C

3.3. Synthesis of Ternary CompoundsThe Importance of Intermediate Phases to the Product Composition. In the syntheses of ternary Bi2SexTe3−x compounds, the
eﬀects of precursor slurry composition (x = 1 and 1.5),
temperature (205 and 220 °C), and precursor concentration (5
and 10 wt %) were investigated.
According to the Bi2S3−Bi2Se3−Bi2Te3 ternary phase
diagram (Figure S8, Supporting Information) established by
plotting mineral compositions found in nature,50 the Bi2SeTe2
composition is a stable phase, found in nature as the mineral
kawazulite, while the Bi2Se1.5Te1.5 phase may be a nonstable
phase, as it has not been found in the natural environment. The
synthesis of the stable phase Bi2SeTe2 at 220 °C was successful
(Figure 5a), although the product composition Bi2Se0.79Te2.21
deviated slightly from the ideal Bi2SeTe2 composition. The
composition was determined from the relationship between
composition and d015 spacing of the ternary Bi2SexTe3−x
composition (Figure S1, Supporting Information). Similar to
the synthesis of Bi2Te3, the synthesis of Bi2Se0.79Te2.21 also
involved the formation of the intermediate Bi2TeO5 phase after
the dissolution of the precursors and just before the onset of
Bi2SexTe3−x crystallization (Figure 5a(I)). However, in this case
the intermediate phase had a much more profound impact. The

EG + PVP

Bi 2O3 + Na 2TeO3 + Na 2SeO3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se2.09Te0.91
4.5min ,160 ° C

EG + PVP

Na 2TeO3 + Bi 2O3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2TeO5
10min ,220 ° C
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Figure 6. Schematic illustration of the growth steps of bismuth chalcogenide crystals. (a) Three-step crystal growth for the binary compounds,
showing oriented attachment for the rapid growth step and then epitaxial growth for the slow growth step. (b) For ternary compounds the possibility
of oriented attachment is decreased due to diﬀerent composition of the nuclei (I), but a small amount of nuclei still meet the requirements for
oriented attachment (II). (c) Lattice space adjustment occurs in dv (distance of the van der Waals gap between two quintuple layers (QL) when two
adjacent crystals approach, which contributes to the lattice match in process II.
EG PVP220 ° C

Bi 2TeO5 + Bi 2Se2.16Te0.84

Bi 2TeO5 + Bi 2Se2.09Te0.91 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se0.97Te2.03
7.5min ,220 ° C

EG + PVP

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se1.58Te1.42 + Te
120min ,205 ° C

Interestingly, the Te-rich phase grew slightly faster than the
Se-rich phase, and there is no obvious competition between
them. As a result, no obvious ﬂuctuation was observed in the
lattice parameters during the growth stage. Nanocrystals were
formed with a size less than 40 nm (Figure 5b(IV)), which is
similar to the synthesis of Bi2Se0.79Te2.21.
Since phase separation between Se-rich phase and Te-rich
phase did not occur during the lifetime of the intermediate
phase Bi2TeO5, it is likely that a phase-pure composition close
to Bi2Se1.5Te1.5 may be produced from a Se-rich precursor
solution with continued slow supply of Te species by the
dissolution of Bi2TeO5. To conﬁrm this hypothesis, the eﬀects
of temperature and precursor concentration were studied with
the aim of prolonging the lifetime of the intermediate phase.
To study the impact of temperature, synthesis at a lower
temperature, 205 °C, was carried out (Figure 5c). The
reduction in temperature resulted in slower induction and
crystallization, and the lifetime of the Bi2TeO5 intermediate was
much longer. Again, before the complete dissolution of
Bi2TeO5, the product gradually became more Te-rich and no
phase separation was observed. After that, however, phase
separation occurred again, producing a Se-rich composition
Bi2Se2.16Te0.84 and a less Se-rich composition Bi2Se1.58Te1.42. It
is interesting to note that the less Se-rich composition is very
close to Bi2Se1.5Te1.5. However, the remaining Te species in the
solution produced elemental Te after 120 min treatment. The
diﬀraction peaks are very broad, indicating very small crystallite
sizes, possibly due to the low reaction temperature. The crystal
sizes calculated are in the range of 1−25 nm (Figure 5c(IV)).
The chemical reactions responsible for this synthesis can be
described as follows (PXRD pattern of the ﬁnal product is
shown in Figure S12, Supporting Information)

The precursor concentration had the most profound eﬀect in
preventing the phase separation. In a synthesis with the
precursor concentration doubled to 10 wt % there was no
obvious peak splitting observed in the in situ PXRD patterns
(Figure 5d(I)), which means that only one phase
(Bi2Se1.82Te1.18 with lattice parameters of a = b = 4.231 Å
and c = 29.595 Å, Figure S12, Supporting Information) was
obtained. The crystallization curve for this synthesis was quite
diﬀerent from the others (Figure 5d(II)). There was no rapid
growth stage. Instead, after a 4 min induction period the growth
took place gradually and lasted about 40 min before reaching
100% crystallization.
The dominant feature of this reaction is that the intermediate
phase Bi2TeO5 has a much longer lifetime, and the initially
dissolved precursor Na2SeO3 recrystallized and then redissolved
slowly. As a consequence, the competition for Te between the
intermediate phase and the desired product leads to the small
change in the stoichiometric ratio of Se and Te in the product,
and the phase separation was prevented. Thus, the chemical
reactions can be summarized as follows (PXRD pattern of the
ﬁnal product is shown in Figure S13, Supporting Information)
EG + PVP

Bi 2O3 + Na 2TeO3 + Na 2SeO3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se1.5Te1.5
6min ,220 ° C

EG + PVP

Na 2TeO3 + Bi 2O3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2TeO5
3min ,220 ° C

EG + PVP

Bi 2Se1.5Te1.5 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se1.82Te1.18 + Bi 2TeO5
15min ,220 ° C

3.4. Oriented Attachment Mechanism for the Rapid
Growth Stage. The 3-step crystallization (nucleation → rapid
growth → slow growth) was observed in the syntheses of
Bi2SexTe3−x, except for the synthesis with the precursor
concentration doubled (10 wt %) in which the rapid growth
stage was not observed. It is very interesting that crystallization
can reach such a high extent so rapidly and then slow down

EG + PVP

Na 2TeO3 + Bi 2O3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2TeO5 + Te
5min ,205 ° C

EG + PVP

Bi 2O3 + Na 2TeO3 + Na 2SeO3 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ Bi 2Se2.16Te0.84
15min ,205 ° C
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Figure 7. Representative SEM images of (a) Bi2Se3, (b) Bi2Te3, (c) Bi2SeTe2, and (d) Bi2Se1.5Te1.5. (e) TEM image of a representative hexagonal
nanoplatelet with a composition of Bi2Se0.79Te2.21 and small crystal segments. (f) TEM image of a small crystal cluster extracted from a reaction
mixture after 15 min synthesis at 220 °C using a precursor composition of Bi:Se:Te = 2:1:2. (g) HRTEM image of a small crystal cluster. Grains
align reasonably well along the grain boundaries perpendicular to either the (1 1 0) or the (1 0 0) facets. (h) Selected-area electron diﬀraction
pattern of the hexagonal single crystal shown in e.

synthesis reached an extent of crystallization of 69% in just 1.4
min, producing planar crystals with a width of 180 nm.
Second, in the OA process, crystals prefer to attach along the
same crystal facets for best lattice match. The lattice match is
hence playing a vital role in determining whether OA can
actively occur. Figure 6 illustrates the OA mechanism for the
binary and ternary compounds. In the binary compounds
(Figure 6a), there was negligible lattice mismatch due to the
ﬁxed stoichiometry of either Bi2Se3 or Bi2Te3. Therefore, the
nuclei quickly attached to each other and the crystals grew to
large sizes of hundreds of nanometers in width. This is in
excellent agreement with the calculated size evolution in the
binary compounds and with the high yield of hexagonal plates
from SEM observations (Figure 7a and 7b). For the ternary
compounds (Figure 6b), however, the OA was not as eﬃcient
as the binary compounds, because the composition was variable
as indicated by the signiﬁcant change in lattice parameters. The
composition for the nanometer-sized nuclei can be diﬀerent
from the adjacent nuclei, and in most cases the lattice mismatch
was large enough to hinder OA (Figure 6b(I)). The direct
consequence was that the crystals were much smaller compared
with the binary compounds.
However, some lattice mismatch can be tolerated in the OA,
due to the unique lattice along the c axis (Figure 6c). The
Bi2SexTe3−x crystals are covalently bonded within each
quintuple layer while being weakly bonded between the
interquintuple layers with van der Waals interactions.13,14 The
VWG is so weak that the gap is slightly adjustable when
required. During OA, the adjustable VWG can play a critical
role in releasing the strain induced by lattice mismatch and
hence allow limited OA to occur in ternary Bi2SexTe3−x
compounds (Figure 6b(II)). As a result, though a great number
of nanoparticles were formed in the solution, when nuclei
compositions were similar active OA under VWG adjustment
can occur. As a result, there were still some large hexagonal
plates in the ternary composition found under SEM (Figure 7c
and 7d).

drastically. It is most likely that diﬀerent mechanisms were
responsible for the rapid growth and slow growth stages. It was
discussed in the synthesis of the binary Bi2Se3 that the slow
growth stage was a result of epitaxial growth onto the existing
crystal facets of the crystals consuming the remaining dissolved
species from solution, but what is the mechanism for the rapid
growth stage?
Two common mechanisms to describe crystal growth are (1)
Ostwald ripening (OR)51−53and (2) oriented attachment
(OA). OR is a thermodynamically driven process in which
smaller crystals dissolve at high surface energy facets and
coalescence occurs on the surface of larger crystals. OR
generally leads to the formation of crystals with high symmetry,
such as isotropic microspheres and hollow microspheres.54−61
On the other hand, the OA mechanism was established more
recently and is primarily responsible for the formation of
nanoscale crystals. 62,63 Under the context of the OA
mechanism, crystallographically oriented nanoparticles attach
together to form larger particles. This process follows epitaxial
assembly and can lead to the anisotropic growth of lowdimensional crystals.64−66 It also plays an important role in
directing the size distribution and shape development of
nanocrystals.67
Our observations for the rapid growth stage are in excellent
agreement with the OA mechanism. First, the induction period
produced a great number of nanometer-sized nuclei by
consuming the majority of the dissolved species. The size of
nuclei nanocrystals was only a few nanometers as observed in
TEM (we will discuss this later), and hence, they were too
small to be detected by PXRD. Once the nuclei concentration
reached a critical point the internuclei interactions become
strong and they rapidly attached to each other epitaxially. Such
oriented attachment allowed the crystals to quickly grow to
larger sizes and contributed to the signiﬁcant increase in peak
intensity in the PXRD patterns. This is most obvious for the
synthesis of Bi2Se3 using Bi2O3 as the precursor in which the
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8a−e), indicating a combined diﬀusion and phase boundary
controlled crystallization mechanism with zero nucleation rate.
This is in agreement with the proposed mechanism that slow
growth is dominated by the epitaxial growth on existing crystals
rather than by forming more nuclei and subsequent growth.
Also, as the nucleation and rapid growth stages have consumed
the majority of the dissolved species, the slow growth from the
remaining diluted solution is likely controlled by species
diﬀusion.
For the synthesis with high precursor concentration (10 wt
%), however, the Avrami−Erofe’ev analysis produced an n value
of 1.31 (Figure 8f), which indicates a phase boundary
controlled mechanism with decreasing nucleation rate. This
also makes sense. The high precursor concentration signiﬁcantly reduced the diﬀusion length between the dissolved
species and the crystal surface, and hence, the crystallization
rate was limited by the epitaxial growth on the crystal surface,
and overall the crystallization was controlled at the phase
boundary. Additionally, the high precursor concentration did
not prohibit the nucleation at the later stage of crystallization,
but with continued decreasing concentration, the nucleation
rate was also reduced.

OA mechanism in the rapid growth step is supported by
TEM. Figure 7e shows a typical TEM image of the hexagonal
ternary compound nanoplatelet. The hexagonal nanoplatelet is
surrounded by many smaller particles that gave the small
average crystal size calculated by the Rietveld analysis (Figure
5c(IV)). Selected-area electron diﬀraction (SAED) indicates
that the hexagonal nanoplatelet is a single crystal (Figure 7h).
The characteristic (0 0 1) facet dominates the crystal growth,
which is in agreement with PXRD results. To further conﬁrm
the OA mechanism, partially crystallized samples were extracted
from the synthesis and examined under TEM. Large numbers
of small nanoclusters were found (Figure 7f), indicating the
beginning of the OA. From high-resolution transmission
electron microscopy (HRTEM) images of the small nanocluster segments (see Figure 7g) the grains are well aligned
with minimum lattice mismatches along the grain boundaries.
The (1 1 0) facets are parallel to each other, the intersection
angle between the (1 0 0) facets is close to 60°, and the
intersection angle between the (1 1 0) and the (1 0 0) facets is
close to 30°. This suggests that the OA mechanism is occurring
during the rapid growth stage.
3.5. Kinetic Analysis for the Slow Growth Stage. To get
further insights into the mechanism of the slow growth stage,
the growth kinetics were analyzed by the Avrami−Erofe’ev
model. It has been suggested that this model is appropriate
when the extent of crystallization is greater than 0.15.46,68 This
was the case when crystallization reached the slow growth stage
in the syntheses of Bi2SexTe3−x. The results are presented in
Figure 8. Except for the synthesis with double precursor
concentration (10 wt %), the other syntheses have an Avrami
exponent (n) value in the range between 0.5 and 1.0 (Figure

4. CONCLUSION
This in situ PXRD study reveals that the solvothermal
crystallization of Bi2SexTe3−x nanoplatelets can generally be
divided into 3 steps: (i) an induction period for precursor
dissolution and Bi2SexTe3−x nucleation, which is followed by
(ii) a rapid crystal growth stage through oriented attachment of
the nuclei, and ﬁnally (iii) a slow epitaxial growth stage
consuming the remaining species from the solution. It is
generally easier to synthesize large-sized binary nanoplatelets
(Bi2Se3 and Bi2Te3) compared with the synthesis of ternary
compositions because oriented attachment is more eﬃcient for
binary compositions. The ternary compositions suﬀer from
phase separation and ineﬃcient oriented attachment growth
due to compositional variation. Additionally, the intermediate
phases (Bi2TeO5, Bi2SeO5, Na2SeO3) were identiﬁed and found
to play a vital role in preventing the phase separation in the
synthesis of ternary compositions. This study also shows that
solvothermal synthesis can be a very complicated process. The
synthesis of Bi2SexTe3−x is sensitive to synthesis parameters
including temperature, synthesis time, precursor type, precursor
concentration, and the Se/Te ratio in the initial precursor
slurry. Extreme care needs to be taken when designing
solvothermal conditions for synthesizing products with
optimized size and morphology for desired applications.
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Figure S1. The d015-spacing as a function of Te concentration (at. %) for the ternary
Bi2TexSe3-x composition.

Figure S2. Final in situ PXRD pattern in the synthesis of Bi2Se3 using Bi2O3 as the bismuth
source.
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Figure S3. Final in situ PXRD pattern in the synthesis of Bi2Se3 using BiNO4∙H2O as the
bismuth source.

Figure S4. Final in situ PXRD pattern in the synthesis of Bi2Te3 using Bi2O3 as the bismuth
source.
3
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Figure S5. In situ PXRD pattern in the synthesis of Bi2Te3 at 5 min using Bi2O3 as the
bismuth source.

Figure S6. Final in situ PXRD pattern in the synthesis of Bi2Te3 using BiNO4∙H2O as the
bismuth source.
4
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Figure S7. In situ PXRD pattern in the synthesis of Bi2Te3 at 12 min using BiNO4∙H2O as
the bismuth source

Figure S8. Phase diagram in the Bi2S3-Bi2Se3-Bi2Te3 system based on the mineral
compositions found in nature.1
5
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Figure S9. Final in situ PXRD pattern in the synthesis of ternary compound using a 5 wt%
precursor solution with Se:Te=1:2 at 220 °C.

Figure S10. In situ PXRD pattern after 15 min in the synthesis of ternary compound using a
5 wt% precursor solution with Se:Te=1:2 at 220 °C.
6
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Figure S11. Final in situ PXRD pattern in the synthesis using a 5 wt% precursor solution
with Se:Te=1:1 at 220 °C .

Figure S12. Final in situ PXRD pattern in the synthesis of ternary compound using a 5 wt%
precursor solution with Se:Te=1:1 at 205 °C.
7

62

Figure S13. Final in situ PXRD pattern in the synthesis using a 10 wt% precursor solution
with Se:Te=1:1 at 220 °C.

Reference:
(1) Cook, N. J.; Ciobanu, C. L.; Wagner, T.; Stanley, C. J. The Canadian Mineralogist
2007, 45, 665.
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Jingchao Song, Jian Yuan, Fang Xia, Jingying Liu, Yupeng Zhang, Yu Lin Zhong,
Jialu Zheng, Yan Liu, Shaojuan Li, Meng Zhao, Zhiming Tian, Rachel A. Caruso,
Kian Ping Loh, and Qiaoliang Bao*
and mostly used strategy to fabricate 2D
heterostructures is to stack one 2D crystal
on top of another. This method leads to
many artificial nanoarchitectures assembled
in a designed sequence and with atomic
layer precision, so-called van der Waals
heterostructures. Representative heterostructure examples include graphene and
boron nitride heterostructures,[9–12] graphene and metal chalcogenides,[13–19] metal
chalcogenides,[20–23] and black phosphorus
and MoS2 heterostructures.[24] With proper
alignment of the band structure, these
heterostructures can be engineered to suit
different applications in electronic[11,14,21]
and optoelectronic devices.[9,24] Due to
its intriguing electrical and optical properties, the topological insulator (TI)
Bi2SexTe3−x (x = 0−3) has been proposed
for transparent flexible electrodes,[25–27]
plasmonics,[28,29] spintronics,[30,31] and
optoelectronic devices,[32] making it one of
the ideal building block for constructing
new 2D heterostructures. In particular, the combination of graphene and Bi2Te3 to form a heterostructure not only affords
enhanced optical response for broadband photodetection,[32]
but also provides a new approach to produce tunable saturable
absorbers for pulsed lasers.[33]

Large-scale production of 2D van der Waals heterostructures with precisely
controlled chemical composition is the major challenge hindering their
practical electric and optoelectronic applications. In this work, a solvothermal
method is demonstrated to produce van der Waals heterostructures consisting of metal chalcogenides and graphene in a large scale. In situ powder
X-ray diffraction reveals that graphene plays an important role as atomic
template to grow bismuth chalcogenide nanoplatelets with preferential
stoichiometry of Bi2Se1.5Te1.5, which is naturally unstable. It is found that
Bi2Se1.5Te1.5 has the minimum lattice mismatch with graphene (<0.1%). The
release of lattice mismatch strain between Bi2Se1.5Te1.5 and graphene sheet
is evidenced by a new peak in the ultraviolet photoelectron spectroscopy. A
macroscale free-standing heterostructured thin film with excellent mechanical
flexibility is fabricated by simply filtering the large-scale solution processed
heterostructure. The heterostructure film is used to fabricate a flexible photodetector, which shows a broadband photo response and excellent durability in
a bending test. The heterostructure material and device demonstrated in this
work may shed light to flexible optoelectronic devices and applications.

1. Introduction
The diverse range of 2D materials opens the possibility to
create new 2D heterostructures and devices, giving rise to a
whole new paradigm of nanoscale engineering.[1–8] The basic
J. Song, J. Liu, Dr. Y. Zhang, Dr. Y. L. Zhong, J. Zheng, Z. Tian
Department of Materials Science and Engineering
Monash University
Clayton, VIC 3800, Australia
J. Yuan, Y. Liu, Dr. S. Li, Prof. Q. Bao
Institute of Functional Nano and Soft Materials (FUNSOM)
Jiangsu Key Laboratory for Carbon-Based Functional
Materials and Devices
Collaborative Innovation Center of Suzhou Nano Science and Technology
Soochow University
Suzhou 215123, China
E-mail: qlbao@suda.edu.cn
Dr. F. Xia
School of Engineering and Information Technology
Murdoch University
Murdoch, WA 6150, Australia

Dr. M. Zhao, Prof. K. P. Loh
Graphene Research Centre and Department
of Chemistry
National University of Singapore
Singapore 117543, Singapore
Prof. R. A. Caruso
Manufacturing Commonwealth Scientific and Industrial
Research Organization (CSIRO)
Clayton 3168, Australia
Prof. R. A. Caruso
Particulate Fluids Processing Centre
School of Chemistry
The University of Melbourne
Melbourne, VIC 3010, Australia

DOI: 10.1002/aelm.201600077
Adv. Electron. Mater. 2016, 2, 1600077

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

66

wileyonlinelibrary.com

(1 of 9) 1600077

FULL PAPER

Large-Scale Production of Bismuth Chalcogenide and
Graphene Heterostructure and Its Application for Flexible
Broadband Photodetector

www.MaterialsViews.com

FULL PAPER

www.advelectronicmat.de

Recently, heterostructures with higher
complexity in terms of more stacking layers
and richer chemical compositions have shown
enhanced physical and optical properties and
promised a variety of applications for these
materials.[1,7] Precise control of the chemical
composition in both vertical dimension and
lateral dimension is challenging and meaningful, also a key factor to be solved before
large-scale production.[34] To make full use Figure 1. Schematic showing the growth of Bi Se Te -G heterostructure in the solvothermal
2 x 3−x
of 2D materials’ important characteristic in process.
terms of large surface area to control the
growth of new 2D materials is critically important no matter the
heterostructure obtained by mixing the precursors with grasynthesis method. The simplest approach to fabricate 2D heterophene flakes and performing the solvothermal treatment. The
structures is to pick up one layer and put it on top of another
scanning electron microscopy (SEM) image in Figure 2a shows
by manual transferring, in which the atomic layer can be prea Bi2SexTe3−x platelet grown on a thick graphite sheet. The latpared by chemical vapor deposition (CVD) or mechanical exfoliaeral size of the hexagonal crystal is about 500 nm. Raman spection.[35,36] Such an assembly method requires special equipment,
troscopy clearly resolves characteristic peaks of a Bi2SexTe3−x
high technique, and experienced operation, which normally concrystal (A1g1, Eg2, and A1g2 vibrational modes at 68.5, 110, and
sume lots of time and labor. Furthermore, the manual control
162.7 cm−1, respectively[45]) and graphitic material (D, G, and
in the previous method can hardly provide a direct way to tune
2D peaks at 1359, 1595, and 2722 cm−1, respectively), as shown
the chemical composition of layered materials. In this respect,
in Figure 2b. This provides direct evidence of the coexistence of
the self-assembly with precise control over chemical composiboth graphene and Bi2SexTe3−x. Atomic force microscopy (AFM)
tion as well as crystal structure is of high demand. The solution
was performed to reveal the topography of the heterostructure,
process which may fully utilize the stoichiometric selection over
as depicted in Figure 2c. The hexagonal crystal is relatively flat
chemical compositions[37,38] is an important scalable approach to
even though the thick graphite sheet is rough and folded. The
height profile in Figure 2d suggests that the Bi2SexTe3−x platelet
produce 2D materials and heterostructures with desired interface interaction[39,40] as well as band gap alignment. Therefore,
has a thickness of ≈5 nm, corresponding to about 2 unit cells
along the c-direction of Bi2SexTe3−x.[25,46]
it is nontrivial to unravel the complexity of solution synthesis of
2D materials, in particular, the material family in the form of
The template-induced growth of the Bi2SexTe3−x-G heteroternary Bi2SexTe3−x with many different phases, which provide
structure is further characterized by electron microscopy, as
more lattice structure flexibility during epitaxial growth.[41]
shown in Figure 3. Figure 3a,b shows low-magnification SEM
In this work, a solvothermal method was implemented to
images of Bi2Se1.5Te1.5 and Bi2SeTe2 nanoplatelets grown on
fine tune the stoichiometry of Bi2SexTe3−x crystals using gralarger graphene sheets, respectively. It can be seen that the
phene (G) as a template, resulting in Bi2Se1.5Te1.5-G heterostructure with perfectly matched lattice. Synchrotron-based in
situ powder X-ray diffraction (PXRD) was used to investigate
the crystal growth process of the heterostructure. The high yield
of the production of the 2D heterostruture affords the fabrication of free-standing heterostructure thin film using a simple
filtration method. Unlike our previous work which reports
on a broadband photodetector prepared using a CVD-grown
Bi2Te3-G-heterostructured film on silicon oxide substrate,[32]
here we demonstrate a flexible photodetector based on a
macroscale free-standing Bi2Se1.5Te1.5-G heterostructured film
with excellent mechanical flexibility. The device showed high
performance in terms of large photocurrent, fast response time,
and most importantly, excellent flexibility and durability under
mechanical deformation, which significantly enriches the capabilities of 2D material optoelectronics.[42–44]

2. Results and Discussion
Figure 2. Material characterizations of solvothermal-processed heterostructure consisting of Bi2Se1.5Te1.5 and thick graphite flake. a) SEM
image showing single piece Bi2Se1.5Te1.5 nanoplatelet grown on thick
graphite flake. b) Raman spectrum of the heterostructure. c) AFM topography of the heterostructure. d) Height profile of the white dashed line
shown in (c).

Both graphene and Bi2SexTe3−x share layered structure with
similar rhombohedral crystal lattice and hexagonal symmetry.
This makes graphene a perfect atomic template for the nucleation and growth of Bi2SexTe3−x nanocrystals. Figure 1 schematically illustrates the synthesis process of the Bi2SexTe3−x-G
1600077 (2 of 9)
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Figure 3. Electron microscopy images of Bi2SexTe3−x-G heterostructures. a) SEM of Bi2SeTe2-G heterostructure. b) SEM of Bi2Se1.5Te1.5-G heterostructure.
c) TEM image of Bi2Se1.5Te1.5-G heterostructure. d) High-resolution TEM image of Bi2SexTe3−x edge marked by the red square in (c). The yellow dashed
line indicates the edge of heterostructure, and the white arrows indicate the growth direction. e,f) TEM of a few pieces of Bi2Se1.5Te1.5 crystals grown
on graphene with low (e) and high (f) magnifications. g,h) SAED patterns taken from the regions labeled as (I) and (II) in (f), respectively. The green
and yellow circles in (g) indicate the diffraction patterns of Bi2SexTe3−x and graphene, respectively. The crystallographic orientation relationship between
graphene and Bi2Se1.5Te1.5 is {110}G//{100} Bi2SexTe3−x and 〈001〉G//〈001〉Bi2SexTe3−x.

coverage of Bi2SeTe2 (Figure 3a) is lower than that of Bi2Se1.5Te1.5
(Figure 3b) on the graphene surface, which may suggest different bonding conditions between the Bi2SexTe3−x nanoplatelets and the graphene. Figure 3c shows a representative transmission electron microscopy (TEM) image of Bi2Se1.5Te1.5 crystals grown on a graphene sheet. A high-resolution TEM image
of the Bi2SexTe3−x crystal edge is shown in Figure 3d, which was
taken from within the region in the red square in Figure 3c.
The Bi2SexTe3−x crystal has long-range order inside the
nanoplatelets (region A), whereas it is amorphous at the edge
(region B). This indicates that the Bi2SexTe3−x crystals grow
epitaxially on graphene. More evidence of highly crystalline
Bi2SexTe3−x nanoplatelets grown on graphene is shown in the
TEM images (Figure 3e,f). Figure 3g,h are the selected area electron diffraction (SAED) patterns of Bi2SexTe3−x-G heterostructure and graphene taken from the regions labeled by (I) and
(II) in Figure 3f, respectively. There are two sets of diffraction
patterns observed in Figure 3g, which are indicated by yellow
(Bi2SexTe3−x) and green (G) circles. It is found that the angle
between the (110) face of Bi2Se1.5Te1.5 crystal and the (110) face
of graphene is about 30°. This suggests the crystallographic
orientation relationship between graphene and Bi2Se1.5Te1.5 is
{110}G//{100}Bi2SexTe3−x and 〈001〉G//〈001〉Bi2SexTe3−x, indicating
epitaxial growth of Bi2SexTe3−x onto the graphene substrate due
to negligible lattice mismatch between the two phases.
In order to investigate the role of lattice matching for the
crystal growth, in situ PXRD technique was employed to
monitor the solvothermal reaction. The synchrotron based PXRD
has high angular resolution, high signal-to-noise ratio, fast data
acquisition, and high wavelength electability. Thus, small lattice changes in the Bi2SexTe3−x crystals with the addition of graphene can be identified by looking at both binary and ternary
compositions’ diffraction peaks. The chemical compositions of
interest are Bi2Se3, Bi2Te3, Bi2Se1.5Te1.5, and Bi2SeTe2 according
to the invested chemical composition stoichiometry. Our previous in situ PXRD experiments did not show a peak shift in
Adv. Electron. Mater. 2016, 2, 1600077

the (015) peak during the synthesis of binary compositions
(Bi2Se3 and Bi2Te3), while significant peak shift was observed
during the synthesis of ternary composition (Bi2SeTe2), which
is due to the competition between dissolved Se and Te species
in forming crystals in the solution environment.[41] Considering
the advantage of stoichiometric flexibility in the ternary compositions, the growth of Bi2SeTe2 and compared the peak-shifting
phenomenon without and with the addition of graphene was
investigated. Figure 4a,b shows the in situ PXRD patterns taken
during the growth of Bi2SeTe2 crystals without and with graphene templates, respectively. The major PXRD peak (015) of
Bi2SexTe3−x shifted from lower angle (18.12° in Figure 4a) to
higher angle (18.20° in Figure 4b) when graphene had been
added to the Bi2SeTe2 precursor slurry. According to the previous work,[41] this indicates that the chemical composition
of the final product changes from a Te-rich composition (i.e.,
Bi2SeTe2) to a Se-rich composition (i.e., Bi2Se1.5Te1.5) upon the
addition of graphene. The final PXRD patterns from the solvothermal experiments were quantitatively analyzed (see Experimental Section). The lattice parameter a of the Bi2SexTe3−x
crystal reduced from 4.32 to 4.29 Å after the addition of graphene (Figure 4c,d). This means a lattice shrinkage of 0.553%
occurred bringing it closer to the graphene lattice in which the
d-spacing of the (110) facet equals 4.26 Å. Additionally, a small
amount of Te impurity formed with the addition of graphene
for the ternary composition as a sharp peak appears at 2θ =
17.72° in the PXRD pattern (Figure 4b).
The preference for Bi2SexTe3−x crystals to grow lattice
matched structure on graphene templates was further examined by control experiments using different Bi2SexTe3−x compositions, including perfectly matched graphene lattice (i.e.,
Bi2Se1.5Te1.5) and that does not match the graphene lattice well
(i.e., Bi2Se3 and Bi2Te3). Figure 4e summarizes the relationship between the Te% in the Bi2SexTe3−x and the (015) peak
position. Without graphene, the (015) peak splitting can be
observed in Figure 4e. This can be understood as Bi2Se1.5Te1.5
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prefer to adjust their chemical composition
so that it can align its lattice to that of the graphene template. It is also noticed that at the
early stage of the heterostructure growth, the
Bi2SexTe3−x crystals start in a Se-rich phase
and are progressively transformed to a more
Te-rich phase (Figure 4a,b). Consequently,
the excess Te produces Te impurities, as seen
in Figure 4b. The final (015) peak shifting
phenomenon in the ternary composition is
significantly different from the binary compositions in solution with graphene as well as
those grown in solution without graphene.[41]
This observation comfirms the hypothesis
that graphene has a larger influence on lattice change in the ternary Bi2SexTe3−x crystals
rather than the binary Bi2SexTe3−x crystals.
This is mainly because the ternary composition provides much more versatility in chemical composition tuning and therefore better
lattice matching options for graphene compared with the binary compositions whose
lattice changes can be ignored due to the lack
of lattice selectivity.
To better understand the lattice match
behavior in Bi2SexTe3−x-G heterostructure,
we discussed the impact of chemical stoichiometric on Bi2SexTe3−x crystal structure. As we
known, the bismuth chalcogenide based TI
family shares the rhombohedral lattice structure (a = b ≠ c, α = β = 90°, and γ = 120°; space
group R3–m) which is a close analog to graphene (Figure 4f). Five atomic layers form a
quintuple layer which represents the smallest
repeating unit in its c-direction. It is generally
believed that the minimization of lattice mismatch plays the dominant role in guiding the
molecular beam epitaxial growth of topological insulators.[26] Nevertheless, it is possible
to further tune the chemical ratios in the bismuth chalcogenide family, which may result
[45]
and lead to
Figure 4. a,b) In situ PXRD patterns for the synthesis of Bi2SeTe2 nanoplatelets without in different lattice parameters
different
energy
band
structure.
Bi2SexTe3−x
(a) and with (b) addition of graphene. The green dashed line shows the final peak position of
Bi2SeTe2 composition, and the yellow dashed line shows the peak position of Bi2Se1.5Te1.5 com- crystals with different chemical composiposition. The eye guiding yellow and green dashed lines in (a,b) refer to (015) of Bi2Se1.5Te1.5 tions have different lattice mismatchs with
and Bi2SeTe2, respectively. c) Top view of Bi2SexTe3−x-G heterostructure schematically showing graphene. For example, the lattice parameter
large lattice mismatch between Bi2SeTe2 and graphene. d) Top view of Bi2SexTe3−x-G schematia of Bi2Se3, Bi2SeTe2, and Bi2Te3 are 4.143,
cally showing perfect lattice match between Bi2Se1.5Te1.5 and graphene. e) The relationship
between (015) peak position and different compositions, that is, Bi2Se3, Bi2Te3, Bi2Se1.5Te1.5, 4.298, and 4.385 Å, respectively. Meanwhile,
and Bi2SeTe2 reaction with and without graphene. f) Side-view of two QLs of Bi2SexTe3−x on graphene has an a lattice parameter ≈2.46 Å,
which gives the periodicity, 4.26 Å, along the
graphene.
[110] direction with which the bismuth chalcogenides are aligned. Thus, the lattice mismatch between
is a naturally unstable phase and it is difficult to form under the
Bi2Se3, Bi2SeTe2, and Bi2Te3 and graphene are −2.74%, 0.89%,
same experimental condition that suits the formation of other
Bi2SexTe3−x phases, such as Bi2Se3, Bi2Te3, and Bi2SeTe2.[41]
and 2.95%, respectively. Among these compounds, the lattice of
After the addition of graphene, however, peak splitting is
Bi2SeTe2 is comparable to that of graphene with less than 1%
avoided, as shown in the red circle of Figure 4e, suggesting
mismatch. It is noteworthy that Bi2Se1.5Te1.5 has the smallest
that a stable Bi2Se1.5Te1.5 phase can form with the help of the
lattice mismatch with graphene (<0.1%), attesting the experimental observation of preferable growth of Bi2Se1.5Te1.5 on
templating effect of graphene. This leads to the conclusion
that the more chemically versatile ternary Bi2SexTe3−x crystals
the graphene template. To further verify the template-induced
1600077 (4 of 9)
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Figure 5. UPS result showing the valence band structures of different
compounds. From bottom to top: graphene, Bi2Se1.5Te1.5, Bi2Se1.5Te1.5-G
heterostructure, Bi2Se1.5Te1.5 and graphene mixture, Bi2SeTe2, Bi2SeTe2-G
heterostructure, Bi2SeTe2 and graphene mixture.
Adv. Electron. Mater. 2016, 2, 1600077

these two 2D materials and form a perfect interface for charge
transfer.[37,38,51–53]
Now we are able to imagine a scenario for the heterostructure growth. First, the Se rich ternary Bi2SexTe3−x seeds are
attached to anchoring points on the graphene surface or in
tunnels between stacked multilayer graphene, which is evidenced by the peak shift at the early stage in PXRD measurements (Figure 4a,b).[41] The anchoring points are oxygen
containing groups or defects on the electrically exfoliated graphene (Figure S2, Supporting Information).[54,55] Subsequently,
Bi2SexTe3−x nanoplatelets start to grow epitaxially (Figure 3d),
during which the edges of the ternary Bi2SexTe3−x are stoichiometrically flexible. Eventually, Bi2SexTe3−x crystals self-optimize
and grow into the most lattice matched compound on the graphene surface by taking relevant elements (Se and Te) from the
precursor solution. In this step, the exfoliated graphene surface
with least defects is beneficial to the epitaxial growth with minimum strain.[56] Excess precursors will form impurities in the
solution before the reaction is completed.
In order to develop flexible optoelectronic devices, freestanding Bi2SexTe3−x thin films were fabricated by filtration
of ethanol solutions containing the Bi2Se1.5Te1.5-G heterostructure materials with graphene weight load around 30%
(Figure S3, Supporting Information). A schematic of the multilayer Bi2SexTe3−x-G heterostructure thin film is presented in
Figure 6a. The inset in Figure 6a illustrates the flexible device
at different bending angles. As we can see from Figure 6b, the
real free-standing heterostructure thin film and device can be
bended easily. The layered structure of free-standing heterostructure film was confirmed by the cross-section view of SEM
(Figure 6c), with an average thickness at 20–30 µm. The electrical conductivity of the free-standing heterostructure film was
measured to be 0.0283 S m−1 with a four-probe method. The
sheet resistance of the heterostructure film is 588.46 kΩ ⵧ−1
on average. In comparison, the electric conductivity and sheet
resistance of a bare graphene film with similar thickness are
1.81 × 103 S m−1 and 55.24 Ω ⵧ−1, respectively. The effort to
measure the sheet resistance of a bare Bi2SexTe3−x thin film
prepared by a similar filtration method failed to give a number
as it was non-conductive and out of the measuring range
(>999 kΩ ⵧ−1). Even though the conductivity of Bi2SexTe3−x-G
heterostructure film is much lower than that of pure graphene
film, it is significantly higher than a pure Bi2SexTe3−x film as
stacked graphene sheets form a conductive network. The formation of a semiconductive heterostructured film may overcome the huge dark current observed in pure graphene when it
is used as a photoactive channel for light detection.
Interdigital electrodes were deposited onto a free-standing
heterostructure film via a shadow mask assisted e-beam evaporation to form a flexible device, as shown in Figure 6b (right
bottom). Because of the good mechanical flexibility of the freestanding heterostuctured film, the device can be integrated
onto arbitrary soft substrates to enhance the films mechanical
properties, as depicted in Figure 6b (right top). The photoresponse of the flexible device was evaluated under visible and
infrared light illumination. Figure 6d reveals the photocurrent
of the Bi2Se1.5Te1.5 film and the Bi2Se1.5Te1.5-G heterostructural thin film as a function of source-drain bias under the
illumination of 635 nm laser. Inset of Figure 6d is a zoom in
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growth of Bi2Se1.5Te1.5, a stoichiometric reaction with graphene
has been carried out in the autoclaves (Figure S1, Supporting
Information). The formation of the (015) diffraction peak in
Bi2Se1.5Te1.5 agrees well with that observed in the synchrotronbased in situ PXRD experiments.
The perfect lattice matched Bi2SexTe3−x-G heterostructure
contributes to an intermediate state in the valence band of
the Bi2Se1.5Te1.5-G heterostructure by removing the in-plane
strain. Ultraviolet photoelectron spectroscopy (UPS) was performed to measure the changes in the electronic states of the
Bi2SexTe3−x-G heterostructures. Figure 5 shows the valence
band spectra of graphene, Bi2Se1.5Te1.5-G heterostructure,
Bi2SeTe2-G heterostructure, and their corresponding physical
mixtures. The 5 eV peak in the valence band of the Bi2Se1.5Te1.5-G
heterostructure is obvious and nontrivial, and cannot be produced by accumulating the individual valence band spectrum
of Bi2Se1.5Te1.5 and graphene at any ratio. It is most likely a
result of the addition of graphene in the growth stage as there
is no such peak for those compounds without graphene. Therefore, the peak is most probably associated with the absence of
lattice mismatch strain between the Bi2Se1.5Te1.5 and the graphene sheet.[47–50] Better alignment of the Bi2SexTe3−x and graphene lattices would potentially initiate better coupling between
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Figure 6. a) Schematic of multilayer Bi2SexTe3−x-G heterostructures and their flexible devices (up right corner). b) Photograph of flexible free-standing
thin film (left), flexible device integrated on PDMS substrate (right top), free-standing flexible device hold by a tweezer (right bottom) c) SEM image
of the cross-section of the free-standing heterostructured thin film. d) Photocurrent of devices based on bare Bi2Se1.5Te1.5 film and Bi2Se1.5Te1.5-G
heterostructural thin film as a function of source-drain bias under illumination of 635 nm laser. Inset shows photocurrent response of Bi2Se1.5Te1.5based photodetector in a smaller source-drain bias range. e) Time-dependent photocurrent under illumination of 532 nm laser with different incident
powers (1.2, 2.5, 5.0, and 6.6 mW). f) Temporal photocurrent response excited at 635 nm. g) Power-dependent photocurrent at visible (450, 532, and
635 nm) wavelengths. h) Power-dependent photocurrent at infrared wavelengths (980 and 1550 nm). The photoresponse are measured at a bias of
2 V in (e), (f), (g), and (h).

photocurrent response against source-drain bias in Bi2Se1.5Te1.5
photodetector. It is found that photocurrent of the device based
on Bi2Se1.5Te1.5-G heterostructure film is 1000 times larger
than that of a device based on a bare Bi2Se1.5Te1.5 film. The
1600077 (6 of 9)
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photoresponse of the flexible device under illumination of a
532 nm laser at different powers is investigated, as shown in
Figure 6e. The photocurrent can be effectively turned on and off,
and modulated by different laser powers (from 1.2 to 6.6 mW).
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Figure 7. a) Photocurrent of the flexible photodetector at different bending angles with integral of every 30°. Illumination light: 450, 635, 980, and
1550 nm. b,c) I–V curves of the flexible photodetectors which recovered from 30, 60, 90, 120, and 200 bending cycles at 450 nm (b) and 635 nm
(c) illumination, respectively. All the photocurrents measured at laser power of 10 mW.

Figure 6f shows the temporal photocurrent response excited at
635 nm. It indicates that the photocurrent has a rise time of
900 ms and fall time of 1100 ms, which is defined as the time
for the photocurrent raised to and drop from 70% of the onstate current. Moreover, power-dependent photocurrent under
the illumination of visible and infrared light was plotted in
Figure 6g,h. Impressively, pretty high photocurrent was generated by shining 980 nm and 1550 nm light, which indicates
the capability for broadband photodetection over the visible and
infrared spectral range.
The flexibility and the durability of Bi2SexTe3−x-G heterostructure based photodetector were investigated. The bending
test of the photodetector device on a polydimethylsiloxane
(PDMS) substrate was performed with different bending angles
(Figure 7a). The photocurrent results (Figure 7a) indicate the
robustness and stability of the photodetector and its response to
light with broad spectral range from 450 to 1550 nm. The durability of the flexible photodetector was measured against the
bending cycles. The source-drain current after different bending
cycles illuminated by 450 and 635 nm lasers (Figure 7b,c) were
recorded. There is no obvious current change after 120 bending
cycles. It is interesting to observe slightly increase of the photocurrent after 120 bending cycles, which may attribute to the
physical morphology change in the bending test. The interlayer
spacing in the heterostructure become more closely repacked
after 120 bending cycles, as evidenced by the thickness change
shown in Figure S4 (Supporting Information). Generally,
the consistency of the photocurrent after 200 bending cycles
Adv. Electron. Mater. 2016, 2, 1600077

indicates the excellent conductivity stability of the film, which
may benefit from the epitaxial growth of the heterostructure
material. Considering the practical application in a reasonably
long period, we tested the photodetector device after storing
it in ambient condition for four months and found that it
still can work well (see Figure S5, Supporting Information).
The high performance and excellent mechanical properties of
Bi2SexTe3−x-G heterostructure photodetector suggest the good
contact between the graphene and the Bi2SexTe3−x nanocrystal
inherited from the template growth. The photocurrent generation can be explained by the exciton split at the interface of
graphene and Bi2SexTe3−x.[32] Although, the photoresponse in
this work is relatively slow due to the possible Schottoky-like
barrier modulation at the electrode–film interface and charge
carrier diffusion in the heterostructre interconnections,[57,58] the
performance of Bi2SexTe3−x-G heterostructure photodetector
could be further improved by optimizing the contact between
the electrode and the heterostructure thin film.[59]

3. Conclusions
In conclusion, a solvothermal method has been employed to
produce Bi2SexTe3−x-G van der Waals heterostructure in a large
scale. The role of graphene as the template for the growth
of Bi2SexTe3−x with a particular stoichiometry preference of
Bi2Se1.5Te1.5 which is naturally unstable was revealed by a
synchrotron-based PXRD technique. With enhanced interlayer
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interaction in Bi2Se1.5Te1.5-G heterostructure, as-produced freestanding heterostructure film shows improved electrical, photoelectric, and mechanical properties, making it a promising
photoresponsive material for flexible photodetector. This work
marries the chemical design at atomic scale with a scalable synthesis approach, and demonstrates a practical application of the
heterostructure material for flexible optoelectronic devices.

Device Fabrication and Characterization: The thin films were prepared
by simply filtration of resulting heterostructure solution using a standard
millipore filtration setup with polyvinylidene fluoride membrane
(0.65 µm pore size) and baked in vacuum at 50 °C for 1 h. The dried thin
films were cut into 1 × 1 cm2 and covered under a stainless steel shadow
mask, and further deposited with 80 nm gold electrode with 8 nm
chromium adhesion layer underneath. The electrical measurement was
carried out using a precision source/measure unit (Agilent B2902A). For
the convenience of flexible device measurement, the prepared devices
were mounted on a 2 mm thick PDMS substrate to avoid the broken
of fragile free-standing thin films. Specifically, the metal clamps were
clipped on the device with mounted substrate to reduce the damage to
the thin film. The photocurrent measurement platform (optical platform)
is based on microconfocal Raman spectrometer (WITec 300R) with a
20× optical objective, which has the numerical aperture of 0.4. The
lasers used with the measurement system have wavelength of 450, 532,
635, 980, and 1550 nm. The laser travels through an enclosure optical
microscopy system and focused by the 100× objective. The focused laser
spot size averages at 10–20 µm (measured by the optical microscope).
The effective power falling onto the device is measured by the photodiode
and digital handheld power energy meter console (PM100D, Thorlabs).
All the electric measurements are carried out at room temperature. All
the photoresponse measurements were performed under 2 V bias.

4. Experimental Section
Heterostructure Material Syntheses: The reaction slurry precursors
were prepared by mixing bismuth source (Bi2O3, Townson & Mercer),
sodium selenite (Na2SeO3, 99%, BDH Chemicals Ltd.), sodium
telluride (Na2TeO3, 99.5%, Alfa Aesar) into solvent (ethylene glycol)
(BDH Chemicals Ltd) with the addition of polyvinyl pyrrolidone (PVP)
(Mn = 40 K, Sigma-Aldrich) as ligands. The graphene sample used in
the experiments was homemade via the electrical exfoliation methods.[56]
For synchrotron in situ PXRD experiments, precursors were added with
vigorous stirring. For Bi2Se3 precursor slurry, 0.05 g Bi2O3 + 0.056 g
Na2SeO3 + 0.08 g PVP + 0.005 g G + 2 mL ethylene glucol (EG) were
added; For Bi2Te3 precursor slurry, 0.05 g Bi2O3 + 0.0715 g Na2TeO3 +
0.08 g PVP + 0.005 g G + 2 mL EG were added; For Bi2SeTe2 precursor
slurry, 0.05 g Bi2O3 + 0.0185 g Na2SeO3 + 0.0475 g Na2TeO3 + 0.08 g
PVP + 0.005 g G + 2 mL EG were added; For Bi2Se1.5Te1.5 precursor
slurry, 0.05 g Bi2O3 + 0.028 g Na2SeO3 + 0.0355 g Na2TeO3 + 0.08 g
PVP + 0.005 g G + 2 mL EG were added. In the control experiments
without graphene, the chemical ratio remains the same. All the mixed
slurries were stirred vigorously to reach homogenous slurry before the
experiment were carried out. For large-scale solvothermal synthesis,
the same recipe was used as above while the input amount has been
increased. The resulting product paste was washed using ethanol with
a centrifuge at the rate of 4000 rpm for several times. The material was
further dried in an oven at 70 °C overnight before it was used for further
electrical characterizations and device fabrications.
Material Characterization: The morphology and microstructure
were investigated by SEM (FEI Helios Nanolab 600) and TEM (FEI
Tecnai G2 T20 TWIN, operated at 200 kV), respectively. The Raman
data were collected with a WITec 300R Raman spectrometer. The AFM
characterization was performed with a Bruker Dimension iCon system.
All the measurements were carried out in the room temperature.
Synchrotron-Based In Situ PXRD Experiments: In situ PXRD
experiments were conducted at the Australian Synchrotron powder
diffraction beamline, using an X-ray wavelength of 1.0000 Å, which was
calibrated by a LaB6 standard (NIST SRM 660b). In each experiment,
the precursor slurry was filled into a quartz microreactor (1 mm in outer
diameter, 0.1 mm in wall thickness, and 35 mm in length), which was
subsequently sealed onto a stainless steel Norby cell.[60] To prevent
boiling and oxidation of the slurry, external N2 pressure (2.5 MPa)
was applied to the sealed microreactor. The microreactor was then
aligned at the center of the X-ray beam, and heated by a hot air blower.
The temperature was monitored by a K-type thermocouple and was
calibrated by a KNO3 temperature standard before the experiments
were carried out. The slurry was heated to 220 °C with a heating rate
of 50 °C min−1. The position-sensitive MYTHEN detector was used to
collect the in situ diffraction patterns every 0.6−2.4 min over the 2θ
range 1°−81°. The experiments were terminated when no noticeable
changes can be observed in the diffraction pattern. The collected
datesets were quantitatively analyzed by the Rietveld method with the
assist of TOPAS v4.2 (Bruker-AXS).[41]
Ultraviolet Photoelectron Spectroscopy: The valence band electronic
structure of topological and graphene heterostructures was measured
using UPS at Soft X-ray beamline at the Australian Synchrotron.
Measurements were carried out in an ultrahigh vacuum chamber (base
pressure of 1 × 10−10 Torr). The excitation energy used here was 150 eV.
The sample was deposited on gold-coated substrate to compensate the
charging effect.
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Figure S1. PXRD pattern of Bi2Se1.5Te1.5 and Bi2SeTe2 crystals grown in solution, with and
without graphene respectively. The (015) peak of Bi2Se1.5Te1.5 shows greater integrity and
more sharpness with the addition of graphene due to the matched lattice effect. The
wavelength used in the lab X-ray source is 1.54056 Å.
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Figure S2. Fourier transform infrared spectroscopy (FTIR) spectrum of the exfoliated
graphene. The FTIR measurement was carried out with a UV-Vis spectrometer.

Figure S3. TGA pattern of Bi2Se1.5Te1.5 and graphene heterostructured thin film. The
graphene weight loss according to oxidation is ~30% at about 400 °C.
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Figure S4. Cross-sectional SEM image of the Bi2Se1.5Te1.5 and graphene heterostructural thin
film before (a) and after (b) 200 bending cycles. Scale bar 100 µm.
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Figure S5. Photocurrent stability against time using the 450 nm, 635 nm and 980 nm lasers
(power around 10 mW).
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Graphene plasmons have attracted a lot of attention due to large confinement and small mode volume. However,
the graphene-based plasmonic devices are still limited in the practical applications due to relatively small light
absorption of graphene and limited light–matter coupling efficiency in general excitation strategy. Here, this work
reported a strong plasmonic coupling effect observed in a novel graphene-Bi2 Te3 heterostructure on the top of
silicon gratings. It is interesting to find that the extinction spectra of the graphene-Bi2 Te3 heterostructure has
shown three times greater magnitude than that of graphene. This observation is mainly attributed to two factors:
first, the coupling efficiency between the graphene and Bi2 Te3 ; second, the higher light absorption in the
graphene-Bi2 Te3 heterostructure. Moreover, the plasmonic resonance peak of the graphene-Bi2 Te3 heterostructure can be easily tuned by changing the grating period just like what happens in the graphene film. In all, this
work utilizes the simple silicon grating to couple the light into the graphene-Bi2 Te3 heterostructure, and further
explores the hybridized Dirac plasmons in the graphene-Bi2 Te3 heterostructure. We believe it will
stimulate the interest to study the variant plasmonic heterostructure and trigger new terahertz device
applications. © 2016 Optical Society of America
OCIS codes: (250.5403) Plasmonics; (050.2770) Gratings; (160.4236) Nanomaterials.
http://dx.doi.org/10.1364/JOSAB.33.001842

a broad terahertz frequency range by changing microribbon
width and in situ electrostatic doping [6]. However, it is noteworthy that the single-layer graphene supports relatively low
resonance frequency/magnitude dependence on carrier concentration. Thus, Yan et al. fabricated graphene/insulator multilayer stacks to effectively enhance the plasmonic magnitude,
which is based on the Dirac fermions’ carrier density scaling
law [7]. Similarly, Zhang et al. used atomically thin hexagonal
boron nitride films as spacers to enable strong plasmon coupling between adjacent graphene layers in the vertical dimension, which produces two times upshift of plasmonic resonance
frequency and three times enhancement of its magnitude [8].
The surfaces of topological insulators (TIs) and graphene
share similar low-energy electronic structures in which the
conduction and valence bands touch at Dirac points. Dirac fermions also occur in the two-dimensional (2D) electron gas that

1. INTRODUCTION
Surface plasmons (SPs), which are collective oscillations of electrons localized at the conductor/dielectric interface, have been
discovered in atomically thin layered materials such as graphene
[1]. Due to a number of favorable properties, such as ultrahigh
confinement and electrical/chemical tunability, graphene plasmonic structures are widely studied. More importantly, the lifetime of SP modes in graphene can reach hundreds of optical
cycles, which potentially circumvents one of the major bottlenecks faced by noble-metal plasmonics [2,3]. The graphene
surface plasmon polariton has been verified by both infrared
transmission spectroscopy and scanning near-field optical
microscopy in real-space [4,5]. In order to achieve efficient
light–plasmon coupling, Ju et al. explored plasmon excitations
by engineering graphene film into microribbon arrays, and
found that graphene plasmon resonance peak can be tuned over
0740-3224/16/091842-05 Journal © 2016 Optical Society of America
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forms at the surface of TIs as a result of the strong spin–orbit
interaction existing in the insulating bulk phase [9]. The
spin-plasmons, collective modes originated from the transverse
spin fluctuations caused by density fluctuations, have been
theoretically predicted in TIs [10]. Pietro et al. reported the first
experimental evidence of Dirac plasmon excitations in a TI
(Bi2 Se3 thin microribbon arrays) [11]. The plasmonic resonance in the TI is attributed to the bounded oscillation of Dirac
quasiparticles of the conducting 2D edge state. According to
theoretical studies [12], the plasmon in graphene will interact
and hybridize strongly with itself by inserting a thin dielectric
spacer between two layers of graphene to form a “metaldielectric-metal” sandwich structure. Though the graphene and
TI plasmons are considered to have the same origin [13], the
experimental observation of hybridization between graphene
plasmon and other Dirac plasmons has not been reported.
In this work, we fabricated a new graphene-Bi2 Te3 heterostructure by growing Bi2 Te3 on the graphene template. With
the help of silicon gratings underneath the heterostructure, the
normal incident light can successfully excite the plasmon resonance in the graphene-Bi2 Te3 heterostructure [Fig. 1(a)]. It is
interesting to find that the extinction spectra of the grapheneBi2 Te3 heterostructure has shown 3 × greater magnitude of
that of the graphene, which is attributed the plasmon coupling
between the plasmon at the graphene surface and the top
surface of the Bi2 Te3 thin film. Moreover, the extinction peak
of the plasmonic resonance of the graphene-Bi2 Te3 heterostructure can be easily tuned in a broad terahertz (THz) frequency range by varying grating periods just like what
happens in the graphene film. Since plasmon in graphene
and plasmon in Bi2 Te3 share a similar origin, the study of
the hybridization between them will stimulate the interest to
study variant plasmonic heterostructures and trigger new terahertz device applications.
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Fig. 1. Schemes showing (a) the graphene-Bi2 Te3 heterostructure
on the silicon diffraction grating and (b) lattice mismatch between
graphene and Bi2 Te3 .

Fig. 2. Characterizations of the graphene-Bi2 Te3 heterostructure.
(a),(b) SEM images and (c),(d) AFM images of graphene-Bi2 Te3 heterostructures with different Bi2 Te3 thicknesses. The Bi2 Te3 thicknesses in (a) and (c) are around 20 nm; in (b) and (d) are around
50 nm. Scale bars in (a) and (b) are 2 μm. Scale bars in (c) and
(d) are 1 μm. (e) TEM image of the graphene-Bi2 Te3 heterostructure.
The inset of SAED pattern was taken at the red square area in the
TEM image. Scale bar is 1 μm. (f ) HRTEM images taken at the yellow
square area in TEM image [Fig. 2(e)]. Scale bar is 2 nm.

2. RESULTS AND DISCUSSION
growing Bi2 Te3 samples shown in Figs. 2(a) and 2(b) are about
30 min and 60 min, respectively. The direct consequence of the
deposition times is the variation in the Bi2 Te3 thickness. As
revealed in the atomic force microscopy (AFM) image
[Figs. 2(c) and 2(d)], the thicknesses of Bi2 Te3 in the heterostructure shown in Figs. 2(a) and 2(b) are 20 and 50 nm,
respectively. The microstructure of the graphene-Bi2 Te3 heterostructure film was further characterized by transmission electron microscopy (TEM) [Fig. 2(e)]. Both graphene and Bi2 Te3
nanocrystals are revealed, in which the latter shows a quasihexagonal shape. The regular shape and sharp edges indicate an
excellent crystallinity of Bi2 Te3 [18]. The selected area electron
diffraction (SAED) pattern [inset of Fig. 2(e)] exhibits a clear
hexagonal symmetry, which can be indexed to along [001] zone
axis of graphene-Bi2 Te3 . This further confirms the single crystalline nature of Bi2 Te3 . The atomic structure of Bi2 Te3 was
characterized using high-resolution transmission electron
microscopy (HRTEM) at 200 keV. Figure 2(f ) clearly resolves
the hexagonal lattice fringes. In particular, the lattice fringes are
structurally uniform with a spacing of 0.21 nm. It is in good
agreement with that of the (1120) planes of the rhombohedral
phase of Bi2 Te3 [19].

Bi2 Te3 is a small bandgap (∼0.145 eV) material with rhombohedral crystal structure, in which a sequence of Te-Bi-Te-Bi-Te
along the c-axis is followed. Each of the smallest vertically repeated units forms one quintuple layer (QL). It is covalently
bonded within the QLs, while attached together via van der
Waals force between the QLs. In the x–y plane, Bi2 Te3 shares
a similar hexagonal lattice with graphene. The periodicity of
Bi2 Te3 along graphene carbon atoms is 4.38 Å, and the length
of graphene C–C bond is 1.42 Å. Thus, the lattice mismatch
between Bi2 Te3 and graphene is 2.7% (0.12 Å), which is ideal
for van der Waals epitaxial growth [Fig. 1(b)] [14–17]. This
work utilizes the chemical vapor deposition (CVD) method
to fabricate the graphene-Bi2 Te3 plasmonic heterostructure.
First, monolayer graphene film was grown on copper substrates. Then, the Bi2 Te3 nanocrystals were deposited on the
graphene film. Subsequently, they were transferred onto silicon
grating substrates with the help of a thin poly-(methyl methacrylate) (PMMA) layer. Finally, the PMMA layer was removed
via thermal annealing in the vacuum.
The scanning electron microscopy (SEM) images of graphene-Bi2 Te3 heterostructure films with different thicknesses
are shown in Figs. 2(a) and 2(b). The reaction times for
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Fig. 4. Experimental and simulated spectra of the graphene and graphene-Bi2 Te3 heterostructures. The experimental extinction spectra of
(a) graphene film and (b) graphene-Bi2 Te3 on silicon gratings with
different periods, where incident light is vertically polarized to the grating axis. (c) Simulated frequency shift of graphene film (red line) and
graphene-Bi2 Te3 heterostructure (black dashed line) with various Si
grating periods. (d) The extinction spectra of graphene-Bi2 Te3 on
the Si grating with polarized incident infrared light. Polarizer at
90 deg refers to the polarization perpendicular to the grating (red trace)
and polarizer at 0 deg refers to the polarization parallel to the grating
(blue).

Fig. 3. Fabrication of graphene-Bi2 Te3 plasmonic devices.
(a) Optical microscope image of the silicon grating. Scale bar is
10 μm. (b) SEM image showing the graphene-Bi2 Te3 heterostructure
on the Si grating. Scale bar is 10 μm. (c) Tilted SEM image showing
the graphene-Bi2 Te3 heterostructure on a 2 μm deep silicon grating.
Scale bar is 5 μm. (d) Raman spectrum of the graphene-Bi2 Te3
heterostructure measured at 633 nm excitation.

One-dimensional gratings with the different periods (i.e.,
4, 8, 12, and 16 μm) were fabricated with intrinsic silicon.
Figure 3(a) shows an optical microscope image of a silicon grating with a period of 8 μm. After the wet transfer, PMMAsupported graphene and graphene-Bi2 Te3 films are very well
suspended on silicon gratings. The frames of the gratings have
been revealed in the SEM image in Fig. 3(b). A clear SEM snapshot was taken from a tilted angle in Fig. 3(c). In order to avoid
the mechanical damage made to graphene from solvents, high
temperature annealing rather than acetone rinsing was used to
remove the PMMA layer. In this way, silicon grating supported
graphene and graphene-Bi2 Te3 films are ready for spectroscopy
measurements. Raman spectra were measured at room temperature with the excitation of a 633 nm laser. Sample damage is
avoided by controlling the power below 0.5 mW. Figure 3(d)
shows a typical Raman spectrum from 20 to 3000 cm−1 , which
covers the interested spectrum ranges of both the TI and graphene. In the low-frequency range, the Raman spectrum exhibits five characteristic of Bi2 Te3 crystal at 39, 69, 92, 101, 117,
and 137 cm−1 , which correspond to the E 1g , A11g , A11u , E 2g , A21u ,
and A21g vibrational modes of single-crystalline Bi2 Te3 , respectively. At the same time, two characteristic peaks of graphene
are observed at 1598 cm−1 (G band) and 2698 cm−1 (2D
band). Compared with the Raman spectrum of monolayer graphene, it is interesting to observe the blueshift of the G band
and significant intensity reduction of the 2D band in the
graphene-Bi2 Te3 heterostructure. This is also an indication
of the doping effect on the graphene film [20].
The plasmon resonance in the graphene-Bi2 Te3 heterostructure was studied using Fourier transform infrared
(FTIR) spectroscopy. The extinction spectra of graphene and
graphene-Bi2 Te3 on various periods were shown as solid lines
in Figs. 4(a) and 4(b). It is found that the plasmon resonance

peaks for both graphene and graphene-Bi2 Te3 heterostructures
shift to lower wavenumbers when the grating periodicity is reduced. In particular, the resonance peak shifts from 57.7 to
118.9 cm−1 when the grating period changes from 16 to
4 μm for graphene [Fig. 4(a)]. In the graphene-Bi2 Te3 case,
the resonance peak shifts from 52.3 to 97.4 cm−1 when the
grating period changes from 16 to 4 μm [Fig. 4(b)]. In comparison, the fundamental mode plasmon resonance peak of the
graphene-Bi2 Te3 heterostructure blueshifts by 21.5 cm−1 than
that of graphene (on a 4 μm grating). It has also been noticed
that the resonance tuning range of the graphene-Bi2 Te3 is
smaller than that of the graphene alone. This is caused by
the addition of the more dielectric Bi2 Te3 layer on the top
of graphene. Moreover, the resonance of graphene-Bi2 Te3
under similar incident conditions is enhanced by more than
three times. This significant change can be concluded by several
reasons: first, the additional Bi2 Te3 layer enhances the light absorption in the heterostructure; second, the addition of the
Bi2 Te3 layer also introduces the plasmon coupling in graphene
and Bi2 Te3 layered structures. These characteristics attest to
the strong plasmonic hybridizing effect between graphene
and Bi2 Te3 .
To better understand the plasmonic resonance in grapheneBi2 Te3 heterostructures, numerical simulation is performed.
In the simulation, the dynamic conductivity of the grapheneBi2 Te3 film follows the Drude mode, like graphene [2].
Only the intraband contributions of the spin-plane wave vector for the graphene-Bi2 Te3 heterostructure have been considered. The simulated extinction spectra of the graphene and
graphene-Bi2 Te3 heterostructures are shown as dashed lines in
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Figs. 4(a) and 4(b). It is found that the resonance peak position
of the graphene and graphene-Bi2 Te3 heterostructures matches
well with those in the experiment results. The resonant frequency in both the graphene and graphene-Bi2 Te3 heterostructures increases as the period of the silicon grating decreases,
which is consistent with the experimental results. Comparing
Fig. 4(a) with Fig. 4(b), it is also noticed that the tuning range
of the graphene-Bi2 Te3 heterostructure has been decreased
from 61.2 cm−1 (graphene) to 45.1 cm−1 (graphene-Bi2 Te3
heterostructure). This is attributed to the increase of dielectric
constants in the graphene-Bi2 Te3 heterostructure. It is also
noticed that magnitude of the experimental graphene extinction spectra is much weaker than that of the simulated
graphene extinction spectra, which could be explained by
the possible defects in the real samples. However, the intensity
weakening in the graphene-Bi2 Te3 heterostructure is less
obvious than that in graphene, which indicates the robustness
of the graphene-Bi2 Te3 heterostructure.
In order to have a complete picture about grating-coupled
plasmon resonance in the graphene-Bi2 Te3 heterostructure, we
plotted the plasmon resonance of different materials as a function of grating period in Fig. 4(c). The experimental data points
were obtained by fitting the experimental spectra in Figs. 4(a)
and 4(b) with Lorentzian function. Both simulation and experimental results confirmed that the plasmon resonance in the
graphene-Bi2 Te3 heterostructure can be effectively tuned by
changing the grating period. While the period of the silicon
grating is fixed, the extra Bi2 Te3 layer on graphene will cause
redshift in plasmon resonance due to the change of dielectric
constant. It is interesting to see that thicker Bi2 Te3 crystals on
graphene induces further redshift of the resonance frequency.
Figure 4(d) depicts the extinction spectra (−ΔT ) of the graphene-Bi2 Te3 heterostructure under randomly polarized and
linearly polarized illuminations. Under randomly polarized
illumination and 0° polarized illumination (polarization direction parallel to the gratings), both spectra (black line and
blue line, respectively) have shown a broad bump with a slight
peak at 63 cm−1 (∼1.89 THz). While, under 90° polarized
illumination (polarization direction perpendicular to the
gratings), the peak at 63 cm−1 is much stronger than that
under 0° polarized illumination. This is because the light
perpendicular to the grating axis (θ  90°) can excite bounded
electron oscillation [11].

and maintained for 90–300 s with argon (with a gas flow rate of
100 sccm) as carrier and protective gas to transport Bi2 Te3 vapor onto the graphene film. Then the furnace was cooled down
naturally to room temperature.

3. EXPERIMENTAL RESULTS

In summary, we have successfully demonstrated a new robust
graphene-Bi2 Te3 heterostructure. This graphene-Bi2 Te3 heterostructure has shown three times greater magnitude of that of
the graphene due to higher light absorption and strong graphene and Bi2 Te3 coupling. The resonance peak of the graphene-Bi2 Te3 heterostructure has been proved to be tunable
by changing the grating periodicities, theoretically and
experimentally. This work opens up new possibilities for the
applications of graphene–Bi2 Te3 heterostructures in various
terahertz photonic devices.

B. Material Characterizations

The morphologies and microstructures of the silicon grating
and graphene-Bi2 Te3 heterostructure were investigated by
SEM (FEI Quanta 200 FEG, acceleration voltage: 5–30 kV)
and TEM (FEI Tecnai F30, acceleration voltage: 200 kV).
Raman spectra were recorded by a micro-Raman system
(Horiba JobinYvon, HR800) with an excitation wavelength
of 633 nm. The laser spot of the Raman system is focused
to <2 μm with ×100 object lens. A Bruker Vertex 80 V
FTIR system covering the far-IR (40–700 cm−1 ) wavelength
range was used to investigate the transmission of the grapheneBi2 Te3 heterostructure. As for the far-IR characterizations, a
liquid nitrogen cooled mercury-cadmium-telluride detector
and a far-IR deuterated triglycine sulfate detector were used
in conjunction with potassium bromide and polyethylene terephthalate beam splitters, respectively. The reference used in
the spectroscopy measurement is the silicon grating without
the graphene and TI layer.
C. Fabrication of Silicon Grating

Standard semiconductor fabrication processes were used to fabricate the grating on an intrinsic silicon wafer. UV lithography
was applied to define the grating pattern following with dry
etching to obtain the gratings.
D. Numerical Simulation

All the numerical simulations were carried out with Lumerical
FDTD. Periodic boundary conditions were used along the xaxis and perfect matched layers were used along the z-axis.
Linearly polarized light was normally incident on the structures. The refractive index of Si was set to be 3.42. The conductivity of single-layer graphene was calculated with Kubo
formula [21], where the chemical potential and scattering rate
were set to be 0.5 and 0.005 eV, respectively, to match the
experimental results. A layer of Bi2 Te3 covers the graphene
layer with complex refractive index n  8.1  2.6i [22].
4. CONCLUSION

A. Material Synthesis

Graphene films were grown on 25 μm thick copper foils (Alfa
Aesar, item no. 13382) in a typical CVD system and transferred
onto the silicon grating. The graphene film is p-doped as a
mixed solution of FeCl3 and HCl was used to etch away copper
during the transferring process. In order to maintain the integrity of the graphene-Bi2 Te3 heterostructures, Bi2 Te3 nanoplatelets were epitaxially grown on the transferred graphene film
on silicon gratings by the physical vapor deposition method in a
separate tube furnace. Specifically, high purity Bi2 Te3 powder
(Alfa Aesar, purity: 99.999%) and silicon grating substrate with
graphene were placed in the center facing downstream of the
furnace, respectively. Then the furnace was heated up to 500°C
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ABSTRACT: Graphene is a typical two-dimensional (2D)
allotrope form of carbon. Excellent optical and electric
properties of graphene, such as broadband absorption and
high mobility of carriers, promise prosperous applications in
optic and optoelectronic devices. However, ﬂat graphene
structures (either graphene ﬁlm on a structural substrate or
structural graphene) hardly support eﬃcient excitation of highorder plasmonic modes, which results in a serious deﬁciency in
realizing eﬃcient light−matter interaction in graphene-based
devices. Here, by conﬁguring the ﬂat graphene into complex
three-dimensional (3D) pillars, strong high-order plasmonic
modes were observed and veriﬁed numerically and experimentally. It is found that, despite the inﬂuence of geometry
and material parameters on resonance, the excitation eﬃciency of high-order modes is highly dependent on the graphene on the
sidewall of pillars. Therefore, the proposed 3D graphene structures not only retain the merits of 2D materials but also introduce a
new dimension to control the light−matter interaction. In addition, the fabrication technique in this work can be readily applied
to other 2D materials with various geometric shapes. It is believed that the proposed 3D form of 2D materials will ignite a
plethora of unprecedented designs and applications in THz communication such as THz pulse generators, modulators, detectors,
and spectrometers.
KEYWORDS: graphene pillars, sidewall thickness, high-order modes, plasmon, THz
range15,16 and led to a variety of practical applications in THz
pulse generators,17−19 modulators,11,20−22 photodetectors,23
spectroscopy,24 imaging,24,25 and telecommunications.26,27
To obtain excellent optical and electrical properties based on
graphene plasmonic resonances, various ﬂat graphene structures have been proposed and studied, as shown in Figure 1a−
c, such as graphene ﬁlms,26 graphene hole arrays,28 graphene
patches,29 and graphene photonic crystal structures.30 However,
only the fundamental mode is strongly supported by the

G

raphene, a two-dimensional (2D) form of carbon
allotrope, has shown excellent electrical and optoelectronic properties,1−3 which resulted in many practical
applications such as optical modulators,4 plasmonic devices,5
saturable absorbers,6 and broadband photodetectors.7−9 Due to
its zero-band-gap nature, graphene has obtained relatively high
Dirac charge conductivity,10 large mode conﬁnement,11−13 and
chemical/electrical tunability.11,14 As a consequence, graphene
is able to support highly localized plasmon resonance (LPR)
modes, which makes it possible to observe stronger light−
matter interactions in graphene-based structures. Speciﬁcally,
graphene has boosted plasmon research in the terahertz (THz)
© 2016 American Chemical Society

Received: August 3, 2016
Published: September 16, 2016
1986

90

DOI: 10.1021/acsphotonics.6b00566
ACS Photonics 2016, 3, 1986−1992

ACS Photonics

Article

graphene structures. The underlying mechanism was investigated both numerically and experimentally. Signiﬁcantly, it is
found that the resonance features of high-order modes are
highly dependent on the thickness and materials properties of
graphene at the sidewall of pillars, despite the geometric
dimensions. The proposed 3D graphene pillar structures not
only retain the merits of 2D periodic structures11,33 but also
introduce a new freedom (vertical sidewall of the structures34,35) to control the light−matter interaction of 2D
materials based devices, and the fabrication process can be
readily extended to structures with various geometries based on
other 2D materials. We believe that our work will deﬁnitely
shine new light on the practical applications of 2D materials
based optoelectronic devices.

■

RESULTS AND DISCUSSION
As shown in Figure 1f, the jejune response of ﬂat graphene
structures can only lead to strong excitation of the fundamental
plasmonic mode. Similar mode properties also exist for a twolayer graphene structure consisting of a graphene patch and its
complementary hole, as shown in Figure 1d. However, by
introducing a graphene ﬁlm at the sidewall of a Si pillar (Figure
1e), obvious multiple modes can be eﬃciently excited, which
are barely achieved with other structures. Therefore, this
indicates that the graphene at the sidewall plays a signiﬁcant
role in determining the resonance properties and provides a
novel dimension to engineer light−graphene interactions.
Figure 2a shows the schematic of a 3D graphene pillar
network wrapped on a Si pillar studied in this work. The
graphene ﬁlm was grown on Si pillar arrays predeﬁned by
photolithography, which aﬀords a great ﬂexibility to fabricate
structures with arbitrary shapes. The thickness of the graphene
layer can be well-controlled by a chemical vapor deposition
(CVD) process. To conﬁrm the graphene coverage on the real
samples, scanning electron microscopy (SEM) and Raman
characterizations were carried out. Figure 2b and c show the
smooth silicon pillar surface before and after graphene growth,

Figure 1. Comparison of transmission from a graphene ﬁlm with 2D
and 3D proﬁles: (a) graphene thin ﬁlm covering a ﬂat silicon substrate,
(b) graphene thin ﬁlm with square-shaped holes, (c) square graphene
patches, (d) combination of graphene ﬁlm with square holes and
patterned graphene square patches on a silicon pillar (graphene pillar
without sidewalls), (e) fully graphene-wrapped silicon pillar, (f)
comparison of transmission spectra among diﬀerent structures.

structural graphene, as shown in Figure 1f. In order to further
enhance the light−matter interaction, multilayer stacking of
graphene and an insulator has been employed.31,32 Nevertheless, most ﬂat graphene structures (either graphene ﬁlm on a
structural substrate, structural graphene, or multilayer graphene
stacking) hardly support eﬃcient excitation of higher order
plasmonic modes, which results in a limited light−matter
interaction process in graphene-based devices.
In this work, a new dimension is proposed and studied based
on a three-dimensional (3D) form of 2D graphene structures,
which is fabricated by growing controllable graphene ﬁlms on
prefabricated silicon (Si) pillars. High-order plasmonic modes
can thus be eﬃciently excited by a normally incident plane
wave, which helps to surmount the obstacles occurring in ﬂat

Figure 2. (a) Schematic of the 3D graphene pillar arrays. SEM images of a cubic pillar surface before (b) and after (c) graphene growth. (d)
Graphene G peak Raman mapping of the graphene at the top surface of the pillar arrays. Scale bars for (b)−(d) are 5 μm. (e) SEM image of 3 × 3
graphene pillars. Scale bar is 10 μm. (f) Cross-section optical image of the graphene pillars. Scale bar is 30 μm. (g) SEM image of a large-scale
graphene pillar array. Scale bar is 200 μm (h) Raman spectra collected from diﬀerent regions of graphene pillars: top center (I), top edge (II),
bottom edge (II), bottom center (IV), and sidewall (V) of the graphene pillar. Inset: Raman intensity ratio of the G mode over the 2D mode at
diﬀerent positions in (h). (i) Locations for measuring Raman signals.
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respectively. Micrometer-sized grains of graphene crystal ﬂakes
can be clearly identiﬁed in Figure 2c, which suggest a grainmerging mechanism during the graphene growth stage. Raman
mapping of the graphene G peak of the sample has conﬁrmed
that all the horizontal surfaces of the silicon pillar have been
covered with graphene (Figure 2d). To examine the sidewall of
the graphene pillar, an SEM image of the pillar sidewall was
taken from a tilted angle (Figure 2e), and a cross-section
sample was prepared by cleaving the graphene-wrapped silicon
chip in dry ice (Figure 2f) for Raman characterization (Figure
2h). Furthermore, the graphene sample is continuous and
uniform in a larger scale (Figure 2g). Raman spectra collected
from ﬁve representative positions (top, bottom (I−IV) and
sidewall (V)) are presented in Figure 2h. Three characteristic
peaks of the graphene Raman spectra can be clearly identiﬁed,
i.e., the D peak at 1352.2 cm−1, the G peak at 1598.6 cm−1, and
the 2D peak at 2712 cm−1. The intensity ratio between the G
peak and the 2D peak from diﬀerent positions suggested that
the thickness of as-grown graphene is greater on the horizontal
surfaces (the top surface and the bottom surface have about the
same thickness), while thinner on the vertical surface (Figure
2h inset). The nonuniformity of the graphene layer is mainly
caused by the nonhomogenous chemical vapor distribution,
speciﬁcally the carbon source, along the substrate surface (the
top and bottom surfaces are more likely to be exposed to the
carbon source in comparison with the vertical surfaces).36
Furthermore, by connecting the graphene at the top surface
and the bottom surface of pillars with a multimeter, it is found
that they are electrically shorted with each other via the
graphene at the vertical sidewalls, which indicates a good
conductivity and continuity of the graphene ﬁlm. The mobility
of thus grown graphene is measured to be 500 cm2 V−1 s−1,
which agrees with the result measured in similar graphene
materials.37 Therefore, high-quality graphene ﬁlm in a large
scale is employed in our work.
To verify the abundant resonance modes on the graphene
pillars, numerical transmission spectra and charge distributions
are plotted in Figure 3. As shown in Figure 3a and b, multiple
resonance dips can be readily observed from the transmission
spectra. As the graphene layer number increases, the dips shift
into the larger wavenumber region (Figure 3a). A similar trend
can also be observed in the nonuniform graphene (Figure 3b),
in which case a thicker graphene sidewall causes a blue-shift of
the transmission dip. Furthermore, it is also noticed that the
shape of the spectrum varies greatly for graphene at the sidewall
with diﬀerent thicknesses. For instance, for the case of 2/10
layers of the vertical/horizontal graphene, the third and the
fourth resonance modes disappear into the background in
comparison with the counterparts with a thicker sidewall
graphene. To better identify and understand the origin of these
modes, the charge distributions of the ﬁrst four modes at the
cross-section plane are plotted in Figure 3c−f. It is obvious that
the number of charge nodes increases for higher orders.
Although the charge distributions of the ﬁrst and the second
modes have some similarities, their dependence on the
thickness of graphene diﬀers greatly. The ﬁrst and the third
modes are highly dependent on the top surface of the graphene
pillar, while the second mode is majorly supported by the
sidewalls, and the fourth mode is supported by the complete
pillar structure as a whole. Since higher order modes have more
nodes on the sidewall of the graphene pillar than the lower
order modes, they, especially the fourth mode, have shown
distinct height-dependent resonance features in the trans-

Figure 3. Dependence of plasmonic modes on the thickness of
graphene at horizontal and vertical surfaces. (a) Simulated transmission of a cubic pillar array wrapped by uniform graphene at
diﬀerent graphene thicknesses (6, 8, 10, 12 layers). Inset: Side crosssection view of a uniform graphene pillar on a silicon substrate. (b)
Simulated transmission of a cubic pillar array wrapped by nonuniform
graphene, where graphene sidewall thickness is 2, 4, 6, 8, or 10 layers,
while the horizontal graphene ﬁlm remains 10 layers. Inset: Side crosssection view of a nonuniform graphene pillar on a silicon substrate.
(c−f) Simulated charge distribution of a graphene pillar for the ﬁrst
four modes in the cross-section plane. The color bar is applicable to all
the charge distributions. The geometry parameters are W = 6.5 μm, H
= 4.0 μm, and P = 10.5 μm, while the Fermi energy and scattering rate
of graphene are set at 0.2 and 0.001 eV, respectively. The refractive
index of Si is set at 3.42.

mission spectra shown in Figure S1. Our graphene pillar
resonance model is similar to that of the hollow silver pillars in
previous research,38 in which a hexapolar mode on the sidewall
of the silver pillar was attributed to the resonant absorption.
Here, speciﬁcally, the power ﬂow penetrates through the
graphene sidewall at the position of zero net charge and then
exits at the bottom, encircling the charge like a vortex. The
mode energy will gradually dissipate through the graphene
absorption and radiative scattering of the pillars.
However, due to the practical imperfections, resonant
properties of plasmonic modes become complex in the
experiment. Although the ﬁrst mode is still robust (blue line
in Figure 4a), the position of higher order modes deviates from
the simulated result (red line calculated with a uniform
graphene ﬁlm in Figure 4a). In order to match the dip positions
of the ﬁrst mode between experiment and simulation, by
retaining the horizontal surface at10 layers while reducing the
thickness of graphene at the sidewall at 4 layers, the simulated
transmission (green line) tends to approach the experimental
spectrum. Importantly, it is observed that some modes become
invisible in the experiment. This could be attributed to the
unintentional decay channels introduced during the growth
process, such as point defects and residue impurity. Due to the
increased decay rate, the spectrum becomes shallower and
broader, which is well veriﬁed in our simulations (Figure S2).
Therefore, the scattering rate has been further increased to 2
meV for better matching of the ﬁrst two modes with
experimental counterparts (black and blue lines in Figure 4a).
These results indicate that the excitation eﬃciency of higher
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furnace (Figure S3). The pillars covered by nonuniform
graphene are further discussed by comparing the measured
and simulated transmission spectra. By calculating the intensity
ratio of Raman peaks, the thickness of graphene at a horizontal
surface is around 10 layers (IG/I2D ≈ 3.0), while the counterpart
at the vertical surface increases from 2 layers, to 4 layers, to 7
layers (close assumption made from Raman IG/I2D ratio: IG/I2D
= 1.01, 1.31, 1.60, respectively) (Figure S4).39 Accordingly, the
measured transmission dip shows a prominent shift to the
larger wavenumbers from 30.8 cm−1 to 38.5 and 43.0 cm−1,
respectively (Figure 4b). A similar shift trend is observed in
simulations. However, the dip positions of the three diﬀerent
samples are at 38.4, 63.9, and 75.7 cm−1, respectively. The trend
of blue-shift for both experiment and simulation matches well
with each other, while more ﬂat features at larger wavenumbers
in the experiment could be attributed to a larger decay rate of
real graphene sample, as discussed above.
Another key factor that can cause a large shift in the
spectrum dip is the lateral pillar width. In order to verify the
inﬂuence of the width, we ﬁrst excluded the inﬂuence from the
periodicity. As the working wavelength of interest is 25−100
μm, which is much larger than the periodicity in our sample (P
= 12 μm), no diﬀraction eﬀect exists in our samples according
to the diﬀraction equation sin θd = sin θi + mλ/P, where θd and
θi are diﬀraction and incidence angles, respectively, and λ is the
wavelength. Also there is no pronounced resonant frequency
shift observed when periodicity increases from 8.0 μm to 12.0
μm, especially for the ﬁrst three modes (Figure S5), where the
variation in transmission magnitude could be attributed to the
pillar density change. As the graphene pillar width increases
from 6.0 μm to 7.5 and 9.5 μm, the transmission dip shows a
signiﬁcant red shift from 69.4 cm−1 to 53.9 and 38.5 cm−1,
respectively, which shows the same trend as graphene
nanoribbons.11,20,40,41 The same shift trend is also observed
in the simulation (Figure 4c). However, the dip positions of the
three diﬀerent samples are at 70.3, 67.38, and 60.0 cm−1,
respectively. The small discrepancy in dip positions may result
from either nonuniformity of graphene thickness or Fermi
energy, or other defects in the used samples. In the frequency
range of interest, the optical conductance can be described in a
Drude form. Therefore, the resonance wavenumber of the
graphene surface plasmon in an isolated pillar can be estimated
with the formula 1/λ ≈ nα0E F /2πcℏW , where n is the mode
number, α0 is the ﬁne-structure constant, c is the light speed in
a vacuum, and ℏ is the reduced Planck constant.42 The
frequencies of the plasmon modes are subject to the scaling
laws.43,44 It has also been proved that the wavenumber of the
ﬁrst mode matches perfectly in the theoretical liner relation
with Ef1/2 and 1/W−1/2 (Figure S6). In addition, as an excellent
active material, the optical response of graphene can be well
tuned by varying the Fermi energy level (Figure S7) in addition
to the decay rate.

Figure 4. (a) Comparison of experimental and simulated transmission
spectra (with width, spacing, and depth equal to 9.5, 4, and 4 μm,
respectively, and Fermi energy Ef = 0.2 eV). (b) Comparison of
experimental and simulation transmission spectra of graphene pillar
arrays with diﬀerent graphene sidewall (vertical) thicknesses (2, 4, and
7 layers) and the ﬁxed geometry sizes and graphene thickness at
horizontal surfaces (∼10 layers). (c) Comparison of experimental and
simulation transmission spectra of graphene pillar arrays with diﬀerent
widths (9.5, 7.5, and 6.0 μm) and ﬁxed spacing (4 μm), depth (4 μm),
and graphene thickness (∼4/10 layers at vertical/horizontal surfaces).
In (b) and (c), the solid lines are experimental results and dashed lines
are simulation results.

order modes is very sensitive to the thickness of graphene at the
sidewall and, especially, the decay rate, which should be
carefully reduced by improving the quality of the graphene
samples.
To further study the spectrum dip shift caused by the
graphene thickness on the sidewall, samples with the same
geometry parameters and horizontal graphene thickness but
with diﬀerentiated vertical graphene thickness were prepared
utilizing the chemical vapor dynamics in the CVD furnace. In
practice, the chemical vapor environment varies spatially. It is
found that the graphene growth on the sidewalls relies more on
the chemical vapor environment than the horizontal surfaces.36
Therefore, a series of graphene ﬁlms with the same horizontal
graphene thickness but varied thickness at the sidewall were
grown by manipulating the sample placement location in the

■

CONCLUSION
In conclusion, we have fabricated a novel graphene pillar
structure with controllable geometry parameters and thickness
of graphene at both horizontal surfaces and the vertical sidewall.
To the best of our knowledge, this is the ﬁrst time that highorder plasmonic mode excitation can be eﬃciently excited on
the graphene network. The underlying mechanism and
parameter dependence of these modes have been discussed in
detail. Besides the well-known width-dependence, it is
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sidewalls. The DRIE system employed is an Oxford PlasmaLab
100 ICP system. The overall processing pressure was set to 10
mTorr with a SF6 ﬂow rate of 60 sccm and O2 ﬂow rate of 8
sccm. The lower bias power (13.56 MHz) and upper source
power (13.56 MHz) were set to 4 and 800 W, respectively. The
depth of etching was controlled by the etching time, which
varied from 3 to 5 min.
Direct Graphene Growth. The graphene-wrapped surfaces
were fabricated by directly growing polycrystalline graphene on
the patterned 3D intrinsic silicon substrate. To directly grow
graphene on the silicon wafers, the patterned intrinsic silicon
chips were directly placed in a quartz tube mounted in a hightemperature furnace (1100 °C). First, the cleaned silicon chip
was annealed at 800 °C in an atmosphere environment to
activate the nucleation spots. Then, the nucleate allocated
surface was exposed to the mixed reaction gas ﬂow (CH4:H2:Ar
= 14:50:65 sccm) for 3 h. The graphene nanosheets were ﬁrst
formed as separated islands and subsequently connected with
the neighboring graphene sheets to form a large-area covered
graphene surface. As the back side of the silicon chip was
treated with acid, there was no graphene signal being collected.
Raman Characterization. Raman spectrum and mapping
measurements were performed using a confocal microscope
system (WITec, alpha 300R) with a 100× objective (NA = 0.9)
in ambient conditions. A 532 nm laser was used to illuminate
the graphene samples that were placed on a piezo crystalcontrolled scanning stage. The spectra were collected using 600
line/mm grating with an integration time of up to 1 min.
SEM and AFM Characterization. The morphology of the
silicon pillars and the topography of the covered graphene
ﬂakes were characterized by a dual-beam FIB-SEM (FEI Helios
Nanolab 600) and atomic force microscopy (Bruker,
Dimension Icon SPM) in the tapping mode, respectively.
FTIR Measurements. The Fourier transform infrared
(FTIR) spectroscopy measurement was carried out with a
vacuum Bruker 80v FTIR instrument with a deuterated
triglycine sulfate detector. The samples were mounted on the
sample holder in a vacuum environment. The spectra in the
range of 30−700 cm−1 and 300−7000 cm−1 were collected. All
the measurements were carried out at room temperature. All
the background signals resulting from intrinsic silicon were
subtracted before data analysis.
Numerical Simulation. All the numerical simulations were
carried out with Lumerical FDTD. Periodic boundary
conditions were used along the grating direction, and perfect
matched layers were used along the z-axis. Linearly polarized
light was normally incident on the structures. The refractive
index of Si was set to 3.42. The conductivity of single-layer
graphene was calculated with the Kubo formula,48 where the
chemical potential and scattering rate were selected to match
the experimental results. The number of graphene layers also
varies accordingly. Detailed parameter settings are listed in the
main text.

interesting to see that the graphene thickness at the pillar
sidewalls plays an important role in determining the resonance
modes. As the sidewall graphene thickness increases, an obvious
blue-shift in dip position has been observed. In addition, the
Fermi energy, decay rate, etc., also show a strong inﬂuence on
resonance modes, which provides a feasible way to achieve a
dynamic device based on graphene. Our approach to access
higher order resonance modes is not limited to graphene but
can also be applied to other highly doped 2D materials.45,46 In
sum, this work contributes to the designing of more
sophisticated plasmonic devices and metamaterials based on
2D materials and enables new ways of controlling terahertz, farinfrared, and visible radiation.

■

EXPERIMENTAL SECTION
To fabricate the complex graphene pillar structure, a standard
silicon-based fabrication process accompanied by the CVD
method was employed. First, the photolithography technique
was used to transfer the arrayed patterns from a photolithographic mask (Figure S8a) onto the photoresist on the
substrate (Figure S8b,c). With the hard mask protected
substrate (Figure S8d), the reactive ion etching process was
carried out under a chilled environment (−110 °C) (Figure
S8e). The cryogenic etching process eﬀectively slows the
isotropic chemical etching process and ﬁnally leads to a much
better controlled etching process over the Bosch process.47
After mask removal, the intrinsic silicon substrates were cleaned
by sonication with acetone and 2-propanol. Subsequently, the
substrate can be placed into a high-vacuum furnace chamber for
graphene seed implantation and growth (Figure S8f). The
chemical environment in the furnace ﬁnally ensures full
coverage of the graphene layer on the silicon pillars.
Speciﬁcally, in the CVD process for direct graphene growth,
oxygen was used as an aid to activate the growth substrate in a
temperature-elevated atmosphere.37 Thus, high-quality graphene can be grown on the nucleation spots created in the
activation stage. In this way, the direct graphene growth
mechanism avoids the complex graphene transfer process.
Photolithography. The fabrication of silicon pillars began
with transferring the designed array patterns to the intrinsic
silicon wafers with direct write photolithography techniques.
The photoresist solution (AZ1512) was applied to the wafer
with an optimized two-step spin-coating program (500 rpm for
20 s, 3500 rpm for 2:30 min), resulting in a ∼1.5 μm thick
photoresist layer. The wafers were subsequently baked at 110
°C for 3 min, followed by exposure using an Intelligent Micro
Patterning device (IMP SF-100 XPRESS) for 2.5 s. Then the
photoresist was immersed in AZ726 solution for about 50 s and
rinsed with DI water for developing.
Hard Mask Deposition. After developing the photoresist,
the photoresist-covered silicon wafers were deposited with 5
nm Cr and 50 nm Al with an e-beam evaporator. The reason to
use a hard mask instead of the photoresist is that the AZ series
photoresist can be easily cracked at low temperatures, which
would cause failure in transferring the patterns to create the 3D
structured silicon.
Cryogenic Etching. The cryogenic-DRIE technique was
selected to manufacture these silicon pillars, as it can provide
much better sidewall proﬁles than the standard Bosch process
in the designed dimensions.47 In the cryogenic-DRIE step, the
wafers were cooled to −110 °C by liquid nitrogen to slow the
chemical reaction during the etching process, thus approaching
isotropic etching with a high aspect ratio and smoother
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Figure S1. Dependence of transmission of the graphene wrapped pillar array on the
height, where P = 10.5 m and W = 6.46 m.
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Figure S2. Dependence of transmission of the graphene wrapped pillar array on
scattering rate of graphene.
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Figure S3. Schematic of the simultaneous CVD growth of graphene pillar samples. By
placing the samples at different positions, (1), (2) and (3), graphene pillars with 2, 4
and 7 layers of sidewall thickness have been achieved, respectively.
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Figure S4. Raman spectrum for horizontal (a) and vertical (b) graphene film on the
compared samples in Figure 5e. The black, red and blue curves represents the graphene
pillar with 2, 4 and 7 layers of sidewall thickness.
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Figure S5. Dependence of transmission of the graphene wrapped pillar array on the
periodicity, where W = 6.46 m and H = 4.43 m.
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Figure S6. Relationship fitting between wavenumber of 1st mode and Ef1/2 (a), and 1/W1/2

(b).

103

Figure S7. Dependence of transmission response of the graphene wrapped pillar array
on Fermi energy of graphene.
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Figure S8. Schematic of the fabrication process of graphene pillars on intrinsic silicon
substrate. (a) The photoresist covered substrate exposed under UV light illumination.
(b) The intrinsic silicon substrate with patterned photoresist. (c) The photoresist
protected silicon substrate deposited with thin metal film. (d) The silicon substrate
deposited with patterned metal mask. (e) The silicon pillar arrays transferred from the
hard mask protected substrate. (f) Graphene covered silicon pillar arrays.
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Chapter 7 Conclusion and future work
7.1 Conclusions
This PhD dissertation focuses on the study of graphene and bismuth chalcogenides (Bi2Se3,
Bi2Te3 et. al.), particularly explores the large scale preparation of graphene bismuth
chalcogenides and their heterostructuers, and photonic and optoelectronic applications based
on these materials. Utilizing the knowledge discussed in this dissertation, it is promising to
improve the performance of the interested optoelectronics devices. The results demonstrated
in this dissertation will enlighten future opportunities of large scale production of graphene and
bismuth chalcogenides, and applications in flexible broadband optoelectronics and plasmonic
devices. The major contribution of this project are outlined as below:


Chapter 3 reveals the solvothermal growth mechanism of the bismuth chalcodenides
nanoplatelets. The crystallization process of Bi2SexTe3-x can be divided into 3 steps: (i)
an introduction period for precursor dissolution and Bi2SexTe3-x nucleation; (ii) a rapid
crystal growth stage via oriented attachment of the nuclei; (iii) a slow epitaxial growth
stage consuming the remaining species from the solution. It is found that the growth
mechanism of binary bismuth chalcodenides nanoplatelets differs from the ternary ones.
In binary bismuth chalcodenides, the nuclei share the same chemical composition and
are more efficient to attach to each other and form larger crystals. However, in ternary
bismuth chalcodenides, the nuclei has the different chemical composition which
hindered them to grow larger and faster. Additionally, the intermediate phases (Bi2TeO5,
BiSeO5, Na2SeO3) are found to play a vital role in preventing the phase separation in
the synthesis of ternary composition. Other parameters influences the crystal growth in
the process have also been discussed in this chapter.



Chapter 4 employs a solvothermal method to produce Bi2SexTe3-x and graphene van der
Waals heterostructures in a large scale. It is found that by using the graphene as a
growth template, Bi2SexTe3-x tend to form a particular stoichiometry of Bi2Se1.5Te1.5 due
to the minimum lattice mismatch with graphene. With enhanced interlayer interaction
in Bi2Se1.5Te1.5 and graphene heterostructure, as-produced free-standing thin film
shows improved electrical, photoelectric, and mechanical properties. This chapter
marries the chemical design at atomic scale with a scalable synthesis approach, and
demonstrates a practical photodetector application with broad range (from visible to
infrared) and flexibility.
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Chapter 5 demonstrates a new plasmonic material based on Bi2Te3 and graphene
heterostructures. The heterostructure thin film shows strong and tunable terahertz
modulation on silicon gratings with different periods. It enables about 3 times stronger
plasmon coupling efficiency compared to the pure graphene thin film. The reason of
the plasmon magnitude enhancement is attributed to the plasmonic hybridization effect
between graphene and Bi2Te3. This chapter opens up new possibilities for the
application of graphene- Bi2Te3 heterostructures in various terahertz photonic devices.



Chapter 6 shows a novel graphene pillar structure with controllable geometry and
thickness of graphene at both horizontal surfaces and vertical sidewall. Importantly, the
higher order plasmonic modes can be efficiently excited on the graphene network. The
underlying mechanism and parameter dependence of those modes have been discussed
in details. Besides the well-known width-dependence, it is interesting to see that
graphene thickness at the pillar sidewalls plays an important role in determining the
resonance modes. As the side wall graphene thickness increases, obvious blue-shift in
dip position has been observed. In addition, Fermi energy, decay rate, etc. also show
strong influence on resonance modes, which provide feasible way to achieve a dynamic
device based on graphene. The findings in chapter 6 offers a new dimension to fine tune
the graphene properties in more complex 3-D structure and provide an opportunity to
apply into the practical application devices, such as THz modulators and resonators. In
sum, this chapter contributes to the designing of more sophisticated metamaterials
based on graphene, and enables new ways of controlling terahertz and far-infrared
radiation.

7.2 Future work
Our research work on the bismuth chalcogenides and graphene related 2-D materials dives
into a comprehensive area, and explores a tip of the iceberg of the complex materials’ synthesis
and interesting properties. As the projects progressing, there are several promising aspects
showing potential for further understanding and future applications. These aspects could trigger
broader discussions on the material synthesis and materials optical properties, while haven’t
been fully explored due to the multiple reasons, such as limitation of the research equipment,
finiteness of the project time line, and lack of professional support. Hence, they are proposed
as future works as below:
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Firstly, our in situ PXRD technique has shown various advantages in observing the
complex experimental processes. Regarding the complex growth process of the 2-D
crystals we have demonstrated in Chapter 3 and 4 that the in situ PXRD technique is an
important research technique to study the anisotropic growth mechanism of the crystals.
Importantly, the growth mechanism have a great influence on the final morphology of
the crystals, which potentially influences the final performance of the device made upon
thus prepared materials. We would like to propose that the in situ PXRD technique
could also be used in studying the solvothermal growth of other low dimensional
materials, such as WS2, MoS2 et. al.. Furthermore, the same technique can be used in
exploring the growth of the quasi 2-D perovskite crystal, as perovskite shows strong
crystal direction dependent optoelectronic performance variations.



Secondly, the Dirac surface of graphene and topological insulators are of great physical
interests. They are promising candidate materials of the next generation on-chip
photonic circuits, as these materials may enhance the heat dissipation and reduce energy
consumption. To fully understand the plasmonic behaviour behind the Dirac band gap
materials, more efforts should be put into the study of the Dirac surfaces on graphene
and bismuth chalcogenides. For example, further study of the Dirac plasmon coupling
on their metallic surfaces via both near-field and far-field methods.



Finally, in a more forward step, we also propose the research project to navigate the
surface plamson polaritons wave in the graphene film based plasmonic circuit. Our
preliminary research shows carefully designed photonic crystal with proper band gap
and line defects can be created in novel EBL process. These structures are capable of
trapping the near-field light in the waveguide. The light signal or the plasmonic modes
in the line defect changes according to the different excitation wavelength. Therefore,
we propose an active tunalbe photonic crystal waveguide can efficiently guide the
surface plasmon on chip, which could find its promising applications in the future onchip communication devices.
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Figure 16. Schematic shows the preliminary near -field optical signal measured in a
graphene based photonic crystal waveguide by the scattering NSOM.

In sum, this dissertation is the first comprehensive experimental study on bismuth
chalcogenide and graphene materials regarding their synthesis, characterizations and optical
applications. It ought to serve as an important source of information for future interested
researches in the field of 2-D Dirac materials. Continuous research on the 2-D materials is
required to generate the fundamental knowledge in this area and inspire endless creative
insights on the practical applications.
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