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e The synthesis of semiconductor nanomaterial-based epitaxial heterostructures by wet-chemical methods is introduced. Various archi-

tectures based on different kinds of seeds or templates are illustrated, and their growth mechanisms are discussed in detail.

e The applications of epitaxial heterostructures in optoelectronics, thermoelectrics, and catalysis are discussed.

ABSTRACT Semiconductor nanomaterial-based epitaxial heterostructures with
precisely controlled compositions and morphologies are of great importance for
various applications in optoelectronics, thermoelectrics, and catalysis. Until now,
various kinds of epitaxial heterostructures have been constructed. In this minireview,
we will first introduce the synthesis of semiconductor nanomaterial-based epitaxial
heterostructures by wet-chemical methods. Various architectures based on differ-
ent kinds of seeds or templates are illustrated, and their growth mechanisms are
discussed in detail. Then, the applications of epitaxial heterostructures in optoelec-
tronics, catalysis, and thermoelectrics are described. Finally, we provide some chal-

lenges and personal perspectives for the future research directions of semiconductor

nanomaterial-based epitaxial heterostructures.
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1 Introduction

The construction of semiconductor nanomaterial-based het-
erostructures with tunable compositions and morphologies
is essential for various applications in electronics, optoelec-
tronics, thermoelectrics, catalysis, etc. [1-10]. The interface
between different components of these heterostructures plays
a critical role in determining the performance of devices.
Unintentional interfacial defects, such as polycrystallinity
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and dislocation, lead to the performance degradation and
even premature failure of devices. For example, interfacial
defects generate lots of problems in metal oxide semicon-
ductor devices, including the frequency dispersion of capaci-
tance and suboptimal electron mobility [11, 12]. Therefore,
to achieve high-quality semiconductor interfaces is essential
for the fabrication of high-quality devices.

Epitaxial growth, by which the atoms in a thin crystalline
layer grown onto another single-crystalline substrate mimic
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the atomic arrangement of the substrate, enables the crea-
tion of high-quality interface [13—15]. An epitaxial interface
with few interfacial defects increases the electron mobility
across the junction, thus improving the device performance.
The successful attempt of epitaxy dates back to 1836, when
Frankenheim demonstrated a parallel-oriented growth of
sodium nitrate on calcium carbonate [16]. This research area
was promoted by the emergence of semiconductor industry
in the early 1960s. In the past few decades, with the develop-
ment of nanotechnology, the construction of epitaxial sem-
iconductor-based heterostructures has attracted tremendous
attention due to their potential applications in electronics
[17-19], optoelectronics [20, 21], thermoelectrics [22, 23],
and catalysis [24]. Now, a large variety of electronic, opto-
electronic, magnetic, and superconducting devices have been
fabricated using epitaxial techniques.

The construction of epitaxial semiconductor heterostruc-
tures can be realized by several approaches, including lig-
uid-phase epitaxy, metal organic vapor-phase epitaxy, and
molecular beam epitaxy [25-29]. Although high-quality epi-
taxial heterostructures have been obtained, the development
of the fabrication techniques is impeded by the low yield,
high cost, and stringent reaction conditions, such as high
temperature and ultra-high vacuum. In contrast, wet-chem-
ical synthetic methods are attractive alternatives due to the
low-cost and high-yield production. More importantly, they
offer more opportunities for engineering the architectures of
heterostructures. Until now, various kinds of semiconductor-
based epitaxial heterostructures with modulated composi-
tions and fine-tuned morphologies have been synthesized
by using zero-dimensional (0D), one-dimensional (1D), and
two-dimensional (2D) nanocrystals (NCs) as seeds or tem-
plates via wet-chemical methods (Fig. 1). For example, start-
ing from OD seeds, core @shell, Janus, rod-like, and tetrapod
nanostructures can be obtained by changing the reaction
conditions. This minireview summarizes the state-of-the-
art progress on the semiconductor-based epitaxial hetero-
structures. A brief introduction of this field is first described,
followed by the discussions on the synthetic methods and
growth modes of epitaxial heterostructures. Then, we will
elaborate the various architectures of epitaxial heterostruc-
tures based on different kinds of seeds, with particular focus
on the growth mechanism. After that, we will discuss the
unique advantages of these epitaxial heterostructures in
some applications, including optoelectronics, thermoelec-
trics, and catalysis. Finally, based on the current research
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Fig. 1 Schematic illustration of epitaxial heterostructures based on
0D seeds/templates, 1D seeds/templates, and 2D seeds/templates

achievements, we will provide some personal insights into
the challenges and the future research directions in this field.

2 Synthesis Methods

Epitaxial heterostructures can be constructed using a vari-
ety of wet-chemical methods, including the direct synthesis
from molecular precursors (e.g., solution epitaxial growth)
and the post-synthesis treatments of the existing seeds or
templates (e.g., ion exchange). In the solution of epitaxial
growth methods, the nucleation of the second material is
allowed on the defined sites of existing seeds. lon exchange
methods, especially the cation exchange in which the cations
in a NC host lattice are substituted for those in solution, have
been used as a particularly powerful tool for the construction
of epitaxial heterostructures recently.

2.1 Solution Epitaxial Growth

“Seeds” are always required for the construction of epitaxial
heterostructures in solution epitaxial growth based on differ-
ent synthesis strategies, e.g., hot-injection and hydro-/solvo-
thermal strategies. The energy barrier for the homogeneous
nucleation in solution is typically quite large, but it would
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be different if seeds present in the nucleation solution, i.e.,
heterogeneous nucleation. The size, shape, crystal structure,
and surface property of the seeds greatly affect the nuclea-
tion and growth of the second materials in a variety of ways.

2.1.1 Epitaxial Growth Modes

Similar to the traditional thin-film epitaxy by vapor-phase
techniques, there are three different growth modes for con-
structing epitaxial heterostructures in solution, i.e., layer-
by-layer deposition (Frank—van der Merwe mode), island
growth (Volmer—Weber mode), and layer-by-layer growth
followed by island growth (Stranski—Krastanov mode) [30].
The aforementioned three growth modes are determined by
both lattice strain and surface free energy. When a second
material is deposited on an existing seed of different materi-
als, the excess energy is calculated by Eq. 1:

Ay =ri+7n (1
where y, and y, are surface energies (i.e., the solid/solution
interfacial energies) of the deposited second material and
the seed, respectively, and y; is the solid/solid interfacial
energy [31]. The surface energy is dependent on the adhe-
sion of foreign species, such as solvents, capping ligands,
and monomers. The solid/solid interfacial energy depends on
the bonding strength and the crystallographic compatibility
(crystal structure and lattice constant).

If the mismatch of interfacial energy between two materi-
als is small (y; is small) and the deposited material exposes
lower energy surface (y, <y,), the deposition would likely
take place in the layer-by-layer mode, resulting in a continu-
ous and uniform coverage (Ay <0, Frank—van der Merwe).
On the other hand, if the second material is featured by a
higher energy surface (i.e., y; >y,) and the mismatch of
interfacial energy between two materials is relatively large
(y; is large), the second material tends to grow on the high-
energy site of the seed and form islands in order to mini-
mize strain energy. This is the so-called Volmer—Weber or
island growth mode (Ay > 0). The third growth model, i.e.,
the Stranski—Krastanov or island-on-wetting-layer growth
mode, happens in systems with relatively large lattice mis-
match between the two materials and with a negative Ay at
the initial growing stage. Therefore, in the early stage, the
second material forms based on the layer-by-layer growth
mode (Ay <0). The strain energy increases linearly with
the deposited layers. Subsequently, as the deposited layer
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exceeds a critical thickness, Ay becomes positive and the
growth changes from the layer-by-layer growth to the island
growth on the wetting layer to release the strain energy.

2.1.2 Synthesis Strategies

2.1.2.1 Hot-Injection Strategy The hot-injection strategy
for the synthesis of monodisperse, highly luminescent cad-
mium chalcogenide NCs is a very efficient approach to pre-
pare epitaxial heterostructures with diverse morphologies.
In the hot-injection method, a “cold” (room temperature)
precursor solution was rapidly injected into a hot reaction
solution at high temperature, which effectively separates the
nucleation and the further growth of NCs. Thus, the size
distribution of the synthesized NCs is remarkably narrow.
However, the thermodynamics and kinetics in the synthesis
of epitaxial heterostructures are quite different with that in
the synthesis of single-phase NCs. Generally, the prepara-
tion of epitaxial heterostructures is a heterogeneous nuclea-
tion process; thus, the free energy barrier is smaller than that
during the preparation of single-phase NCs. To reduce the
self-nucleation in solution, the reaction conditions should
be carefully controlled. Taking the synthesis of CdSe@CdS
core@shell epitaxial heterostructure as an example, instead
of rapid injection, 1-octadecene (ODE) solution contain-
ing cadmium (II) oleate (Cd-oleate) and octanethiol was
injected dropwise at a rate of 3 mL h™' using a syringe pump
into the growth solution containing CdSe seeds [20]. The
shell thickness can be precisely controlled by adjusting the
injection amount of the precursor.

A distinct advantage of the hot-injection strategy is that
it allows the one-pot synthesis of complex epitaxial het-
erostructures through multiple injections of a sequence of
precursors. Therefore, multi-shell structures and branched
structures can be obtained via one-pot synthesis. In order
to prepare CdTe-CdSe tetrapod heterostructures, a stock
solution of trioctylphosphine telluride (TOP-Te) was first
injected into the reaction solution containing Cd-oleate,
resulting in the formation of CdTe seeds. After that, a
trioctylphosphine-selenide (TOP-Se) stock solution was
injected to initiate the growth of CdSe arms on the surface
of CdTe seeds, leading to the formation of CdTe-CdSe tet-
rapods [32]. By carefully selecting the precursor, epitaxial
heterostructures can also be synthesized by one-injection
method. For example, our group realized the synthesis of
CdS-MoS, and CdS-WS, heterostructures by injecting
(NH,),MoS, or (NH,),WS, stock solution into a reaction
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solution containing Cd-oleate [33]. The thermal decompo-
sition of (NH,),MoS, or (NH,),WS, not only provided the
sulfur source for the nucleation and growth of CdS seeds,
but also acted as the precursor which decomposed to form
MoS, or WS, nanosheets (NSs).

2.1.2.2 Hydro-/Solvothermal Strategy Epitaxial hetero-
structures can also be prepared by the hydro-/solvothermal
strategy, a typical wet-chemical synthesis method, which
uses water or organic solvents as the reaction medium in a
sealed steel pressure reactor with Teflon liner. The chemi-
cal reaction can proceed at the temperature higher than the
boiling point of the solvent. Under such condition, high
pressure can be generated, promoting the reaction and
improving the crystallinity of the synthesized NCs [34].
The main advantage of the hydro-/solvothermal strategy
is that almost all precursors can dissolve in the solvent at
high pressure and temperature. Besides that, the merits of
hydro-/solvothermal strategy, including the easy operabil-
ity, high yield, and low cost, make it an attractive choice
for constructing epitaxial heterostructures. As a typical
example, Wang et al. reported the epitaxial growth of
a-Fe,0; on CdS nanowires (NWs) via a two-step solvo-
thermal process using N,N-dimethylformamide as solvent
and poly(vinylpyrrolidone) as surfactant [35].

Even though hydro-/solvothermal strategy has been
widely used to prepare epitaxial heterostructures, it has dis-
advantages as well. Firstly, it is impossible to observe the
reaction process in situ since the reaction occurs in a sealed
autoclave, making it difficult to propose the growth mecha-
nism. Besides, since the hydro-/solvothermal reaction is very
sensitive to the experimental condition, including the mono-
mer concentration, surfactant, solvent, and temperature, it is
difficult to precisely control the synthesized nanostructures.

2.2 Ton Exchange

Ion exchange methods, recently, become more and more
popular. In the past decades, a variety of epitaxial hetero-
structures have been directly synthesized from molecular
precursors, which provide numerous templates for the ion
exchange. These well-controlled epitaxial heterostructures
can be easily transformed to other heterostructures with dif-
ferent compositions but similar structures with the origi-
nal ones. In addition, partial ion exchange can also create

© The authors

epitaxial heterostructures that are difficult to be directly
synthesized from molecular precursors.

2.2.1 Cation Exchange

Cation exchange, i.e., the cations in a NC are replaced with
new cations, while the original anion sublattice is preserved,
has been demonstrated as a very efficient chemical trans-
formation approach to prepare a wide variety of materials
and nanostructures [36-38]. The fast development of solu-
tion-phase epitaxial growth provides lots of well-controlled
epitaxial heterostructures that can be used for the cation
exchange. For example, the Cu,Se-Cu,S and PbSe-PbS dot-
in-rod structures can be easily obtained by performing cation
exchange reaction in the CdSe-CdS dot-in-rod structure [39].

Interestingly, by performing partial cation exchange, which
just extracts a fraction of the original cations in the starting
NCs and replaces them with new types of cations, the original
single-phase nanostructure can be transformed to either alloy/
doped nanostructure or various types of heterostructures.
The experimental results mainly depend on the miscibility of
materials before and after the cation exchange. If the reactant
and product are miscible, alloy/doped nanostructures can be
obtained. Otherwise, in immiscible systems, multi-domain
heterostructures, such as core @shell or segmented NCs, can
be obtained. In this minireview, we only focus on the immis-
cible system. As the rigid anion sublattice keeps unchanged,
different domains possessing similar anion structure usually
lead to a perfect epitaxial heterostructure. For example, core @
shell structures, such as CdS @PbS [40], CdSe@PbSe [41],
CdS@HgS [42], Cu,_,Se@SnSe [43], Cu, ,Se@ZnSe [43],
and CdTe@Cu,_,Te [44], have been obtained by partial cation
exchange. Besides the most common core @shell structure,
lots of segmented structures that are difficult to be directly
synthesized from molecular precursors, such as Janus and
sandwich-like heterostructures, can be obtained by partial cat-
ion exchange. For example, Regulacio et al. reported a one-pot
method to synthesize the Cu, ¢,S-CdS Janus heterostructure
[45]. In their experiment, the Cu, ¢,S nanoplate with a diam-
eter of around 40 nm was first formed. Then, the Cu, ¢,S-CdS
Janus heterostructure was obtained via partial cation exchange
by rapid addition of Cd precursor into the reaction solution
containing Cu, ¢4S nanoplates.

https://doi.org/10.1007/s40820-019-0317-6
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2.2.2 Anion Exchange

Different from the cation exchange, which preserves the
original shape of the starting template, the anion exchange
is often accompanied by the nanoscale Kirkendall effect,
resulting in the great change of the template morphology.
The chemical transformation of NCs accompanied by the
Kirkendall effect often results in the formation of polycrys-
talline NCs. However, in some cases, epitaxial heterostruc-
tures can also be obtained by anion exchange. For example,
Park et al. demonstrated that ZnO@ZnS yolk @shell NCs
were obtained by partial anion exchange using ZnO as the
starting template [46]. Importantly, the crystal symmetry
and orientation of the initial ZnO NC are well preserved
after anion exchange, leading to the formation of ZnO@ZnS
epitaxial heterostructure.

3 Architectures of Semiconductor
Nanomaterial-Based Epitaxial
Heterostructures

To date, semiconductor nanomaterial-based epitaxial hetero-
structures with various architectures and compositions have
been prepared via wet-chemical methods. Since the seeded
growth is often involved during the synthesis processes, in
this section, we will introduce different types of nanostruc-
tures based on the starting seeds/templates. Epitaxial het-
erostructures based on 0D, 1D, and 2D seeds/templates will
be described.

3.1 Semiconductor Nanomaterial-Based Epitaxial
Heterostructures with 0D Seeds/Templates

The most common structure of nanomaterials is 0D NCs,
which have been extensively studied in the past decades.
However, starting from such simple configuration, various
epitaxial structures, including core @shell structures, nan-
odimers, nanoflowers, 1D nanorods, tetrapods, and Janus
nanostructures, can be obtained by using 0D NCs as seeds.

3.1.1 0D NCs Grown on 0D Seeds

3.1.1.1 Core@shell Nanostructures The core@shell con-
figuration formed by the growth of a crystalline overlayer on
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0D seed is the most common heterostructure. Originally, the
construction of epitaxial core@shell structures was served
to prepare core @shell quantum dots (QDs) with inorganic
passivating shells to enhance the photoluminescence (PL)
quantum yields. Till now, numerous epitaxial core@shell
and core @multi-shell nanostructures made of group II-VI,
IV-VI, and III-V semiconductors, such as CdSe@CdS [20,
47-49], CdS@ZnS [50-53], InP@ZnS [54-57], PbSe @PbS
[58-61], PbSe@CdSe [62-64], ZnTe@CdSe [65-67], and
CdSe@ZnTe-ZnS [68-70], have been prepared to enhance
the PL, improve the stability, and tune the emission wave-
length. The basic properties of different types of core @shell
and core @multi-shell nanostructures with different chemi-
cal compositions and band alignment structures have been
well summarized in several recent reviews [71-73]. Here,
we only focus on the key factors that affect the construction
of epitaxial configurations.

Similar crystal structure with small lattice mismatch
between the core and shell materials is the prerequisite for
the construction of high-quality epitaxial core @shell nano-
structure. For example, Cao et al. examined the effect of
lattice mismatch on the growth and electronic properties of
InAs@shell NCs [74]. Various shell materials with differ-
ent values of lattice mismatch, ranging from nearly zero for
CdSe shell to as high as 10.7% for ZnS shell, were investi-
gated. The PL quantum yield of InAs@CdSe increased up
to 20% as compared to 8% for that of InAs@ZnS. This is
probably due to the very large mismatch between ZnS and
InAs. Cracks might be formed at the early growth stage at
the interface of InAs@ZnS due to the large strain. Moreover,
ZnS NCs preferentially crystallized in the wurtzite structure
(the InAs core was in zinc blende structure), which may cre-
ate additional defects upon the shell growth. Similar results
were observed in CdSe@CdS and CdSe@ZnS systems [75].

The lattice mismatch seriously limits the possibility to
grow a shell on the core with significant thickness, but with-
out introducing defects, which are detrimental to the PL
property. As the shell thickness increases, the lattice strain
builds up to a point at which it is no longer to be released
through the elastic crystal deformation. To remedy this
drawback, core @multi-shell nanostructure is synthesized,
in which the core is buried within shells made of consecu-
tive layers of two or three semiconductors with gradually
diverging lattice parameters. A lattice parameter adaptation
layer sandwiched between the core NC and an outer shell
allows the strain to be released gradually. Therefore, struc-
tural defects can be minimized, and the PL efficiency and

@ Springer



86 Page 6 0of 28

Nano-Micro Lett. (2019) 11:86

stability can be greatly improved. This strategy has been
used in the CdSe @ZnSe-ZnS core @shell-shell system. For
ZnSe and ZnS, the lattice mismatch relative to CdSe is 7%
and 10.7%, respectively. Bleuse et al. reported a CdSe @
ZnSe-ZnS core @shell-shell heterostructure in which the
intermediate ZnSe layer acted as a lattice parameter adap-
tation layer, which reduced the structural defects upon the
epitaxial growth of the ZnS shell [76]. The CdSe@ZnSe-
ZnS system showed higher stability in the photo-oxidation
process compared to the CdS @ZnSe core @shell structure
and higher photoluminescence efficiency than the CdSe @
ZnS nanostructure. This strategy has also been extended to
the CdSe @CdS-ZnS core @shell-shell heterostructure [77].

3.1.1.2 Nanodimers The formation of core@shell struc-
tures is not favored if the lattice mismatch is too large. In
this case, the nanodimer structure may be formed to mini-
mize the interfacial energy resulting from the lattice mis-
match by reducing the interfacial area between the seed and
growth materials [78]. This phenomenon has been exploited
in the growth of y-Fe,O;-MS (M=Zn, Cd, Hg) [79] and
CdS-FePt [80] nanodimers. For example, CdS-FePt nanodi-
mers have been synthesized by injecting the sulfur precur-
sor into a reaction solution containing Cd-oleate precursor
and FePt seeds with different diameters. At the early growth
stage, FePt-CdS core @shell structure with a highly defec-
tive and strained CdS shell was obtained. To release the
strain, the CdS shell coalesced and formed a separated grain
upon being annealed at high temperature. Using 4-nm FePt
as seed, all CdS aggregated into a single grain, forming a
nanodimer structure. In contrast, by using 9-nm FePt as
seed, a few grains were formed because of the limited dif-
fusion length of CdS, thus obtaining flower-like structures
after annealing.

The effect of lattice mismatch on the formation of het-
erostructures has been studied by comparing the growth of
ZnS, CdS, and HgS on y-Fe,05; NCs. All these group II-VI
semiconductors possess the zinc blende structure with sys-
tematically increased lattice parameters. For ZnS, which has
the smallest lattice mismatch with y-Fe,O;, several domains
of ZnS formed on different (111) facets of y-Fe,O5 seeds (not
a uniform coating as in the core @shell structure), resulting
in the formation of flower-like structure. For CdS, which has
a larger mismatch, the majority of the resulting y-Fe,0;-CdS
heterostructures are nanodimers, since the growth of CdS
on y-Fe,0; is less favorable. For HgS, which has the largest
lattice mismatch, only a few dimers are formed with most of
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HgS nucleating individually in the solution, forming isolated
HgS particles.

3.1.2 1D NCs Grown on 0D seeds

3.1.2.1 Dot-in-Rod Besides the lattice mismatch, the crys-
tal structure of the seed and the capping molecule also affect
the final morphology of the obtained heterostructure. Asym-
metric growth may be initiated by manipulating the reaction
kinetics. For example, Talapin et al. reported the semicon-
ductor heterostructure with mixed dimensionality composed
of 0D CdSe core and 1D rod-like CdS shell [81, 82]. The
CdSe-CdS dot-in-rod structure was synthesized by slow
addition of Cd and S precursors into a reaction solution con-
taining the wurtzite CdSe seed at a temperature of 130 °C
(Fig. 2a—e). The asymmetric growth could be understood
based on the intrinsic difference of the facets of wurtzite
NCs, in which the NCs were terminated mainly by {100},
{001}, and {001 } facets. Two factors led to the asymmetric
growth. First, the lattice mismatch between wurtzite CdSe
(w-CdSe) and CdS was larger along the <001 > direction
(~4.2%) than that along the perpendicular < 100 > direction
(~3.8%). Thus, the epitaxial growth was favorable on the
{001} and {001 } facets due to the small interfacial strain.
Second, Cd atoms on {001 } facet had more dangling bonds
than those on the other two facets, making the {001 } facet
most active. The reaction kinetics was governed by the
concentration of the precursors, reaction temperature, and
surfactant. At a low reaction temperature (i.e., 130 °C), the
onion-like CdSe@CdS core@shell structure was formed
when the molar ratio of Cd and S precursors was in the range
of 1:1 to 1:1.6. When excess S was used (i.e., Cd/S=1:3
to 1:5), asymmetric growth of the CdS shell was initiated
and the dot-in-rod structure was obtained. A large excess of
the S precursor in the synthesis was essential for the asym-
metric growth, since the S interacted preferentially with the
active {001} facet, promoting the asymmetric nucleation of
CdS on the surface of CdSe core. Moreover, the presence of
hexadecylamine surfactant further promoted the growth of
CdS along the c-axis. However, at a high reaction tempera-
ture (i.e., 280 °C), the core@shell structure was obtained
despite the molar ratio of the precursors, because the energy
difference among different facets became negligible at high
temperature, resulting in a transition from asymmetric to
symmetric growth of the CdS shell.

3.1.2.2 Branched Structures Since the asymmetric growth
is realized by selective nucleation of CdS nanorods on dif-
ferent facets of CdSe seeds, it is possible to engineer the

https://doi.org/10.1007/s40820-019-0317-6
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Fig. 2 a Schematic illustrations of dot-in-rod and dot-in-tetrapod structures obtained from wurtzite and zinc blende seeds, respectively.
b Absorption spectrum and TEM image of 4.4-nm CdSe NCs with wurtzite lattice. ¢ TEM image of CdSe-CdS dot-in-nanorod structures. d
High-resolution TEM image of a CdSe-CdS dot-in-nanorod grown from a 4.4-nm w-CdSe seed. Scale bar, 5 nm. e High-angle annular dark-
field (HAADF) image of a CdSe-CdS dot-in-rod and corresponding elemental profiles for Cd, S, and Se obtained by recording energy disper-
sion spectroscopy signal intensities along the line shown in yellow in HAADF image. f Absorption spectrum and TEM image of 4.0-nm CdSe
nanocrystals with zinc blende lattice. g TEM images of CdSe/CdS tetrapods grown from 4.0-nm zb-CdSe seeds. h TEM image of a CdSe/CdS
tetrapod grown from 4-nm zb-CdSe seed. i HRTEM image of a tetrapod fragment showing the interface between {111} planes of zb-CdSe seed
and {001} planes of w-CdS arms. Reproduced with permission from Ref. [82]. Copyright 2007, American Chemical Society

shape of heterostructures by tailoring the crystal structure
of the seeds. For example, by using CdSe NCs with wurtz-
ite (w-CdSe) or zinc blende (z-CdSe) structure as seeds
for the growth of CdS nanorods, the CdSe-CdS dot-in-rod
structure or tetrapods were obtained, respectively (Fig. 2a)
[82, 83]. The zinc blende CdSe has four {111} facets that
were analogous to the {00 1 } facet of wurtzite structure,
which are more favorable for the epitaxial growth of CdS
nanorods. Thus, the tetrapods with four CdS “arms” grown
on the surface of CdSe NCs were realized when the zinc
blend CdSe NCs were used as seeds (Fig. 2f—i) [82]. This
method has been extended to prepare ZnTe-CdSe dot-in-
rod/tetrapods [84] and CdSe-CdTe tetrapods [85]. More
recently, it became apparent that the size of the seed also
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plays a crucial role in determining the final morphology of
the synthesized heterostructures. CdTe-CdSe heterostruc-
tures with a variety of shapes, including nanorod, Y-shaped
structure, and tetrapod, can be prepared by simply changing
the size of zinc blende CdTe seeds from 2.6, 4.3 to 8.2 nm,
respectively [86]. Interestingly, octapod structures made
by CdX (X=S or Se) nanorods grown on CdSe cores were
obtained by using cubic Cu,_Se NCs with the size of around
10-15 nm as seeds [87]. Due to the fast cation exchange of
Cu, Se in the presence of excessive Cd** ions, there is no
Cu,_Se observed in the obtained octapod structure. Instead,
branched CdSe-CdX NCs were obtained which composed
of a cubic CdSe core and wurtzite CdX arms. In addition,
epitaxial branched structures made of metal core and semi-
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conductor arms have also been prepared [88]. Because of
the relatively weak interaction between many semiconduc-
tors and metals and their large lattice mismatch, the con-
struction of branched structures made of metal cores is more
difficult compared with the synthesis of branched structures
with semiconductor seeds.

3.1.3 Other Structures Based on 0D Seeds

Novel and complex heterostructures, such as sandwich-like
and Janus structures, are difficult to be directly synthesized
from molecular precursors, but they can be easily obtained
through the partial cation exchange method. For example,
Ha et al. reported the synthesis of dual-interface Cu, S/
ZnS heterostructures consisting of disk-like Cu,_.S layer
sandwiched between two ZnS caps (Fig. 3a) [89]. During
the cation exchange process, ZnS grains nucleated sym-
metrically on the two opposite sides of Cu,_ .S NCs and the
Cu,_S in the center became a disk-like 2D layer as the ZnS
grains grew. The thickness of Cu,_S can be well tuned by
controlling the extent of cation exchange (Fig. 3b—f). Sur-
prisingly, an atomic thin layer of 2D Cu,_S within a ZnS
NC with epitaxial connection can be obtained, providing a
template for investigating some unique physical properties in
NCs, such as 2D hole gas and 2D quantum well. Sandwich-
like heterostructures can also be obtained when the cation
exchange starts at the middle of NCs. For example, Gari-
ano et al. demonstrated that in hexagonal Cu,Se NCs, the
cation exchange of Cu* with Pb>* generated the PbSe stripe
sandwiched between hexagonal Cu,Se domains (Fig. 3g, h)
[90]. The sandwiched structure was formed as a result of the
preferential diffusion of Pb?* ions through the specific (a,b)
planes of hexagonal Cu,Se NCs.

Cation exchange can also start from one side of a NC,
resulting in the formation of Janus heterostructure. Zhang
et al. reported the preparation of Janus-like CdX/PbX
(X=S or Se) heterostructures by partially exchanging the
Cd?* cation with the Pb>* cation [91]. The cation exchange
started anisotropically from one side of the original CdX
NC and proceeded along the < 111 > direction, resulting in
the formation of Janus heterostructure with shaped (111)p,/
(111)¢4x epitaxial interface (Fig. 3i). Such configuration
minimizes both the strain and interfacial energy. Theoreti-
cal calculations indicated that an interfacial Se atomic layer
was sandwiched by a Pb layer on the one side and a Cd
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layer on the other side along the < 111 > direction. Thus, the
(111)ppx/(111)4x interface is nearly strain-free.

3.2 Semiconductor Nanomaterial-Based Epitaxial
Heterostructures with 1D Seeds/Templates

The synthesis of epitaxial heterostructures with spatially
controlled distribution of their chemical composition is very
important for constructing multi-functional materials. The
use of anisotropic NCs, such as nanorods, nanowires, nano-
belts, and branched structures, as platforms to construct het-
erostructures offers more opportunities for selective deposi-
tion of second materials at different locations. In this section,
a variety of OD, 1D, and 2D NCs grown on 1D anisotropic
seeds will be introduced.

3.2.1 0D NCs Grown on 1D Seeds

Cadmium chalcogenide NCs are one of the most studied
nanomaterials that can form different kinds of anisotropic
architectures, such as nanorods and branched structures.
The cadmium chalcogenide nanorods or tetrapods consist
of 1D sections made of wurtzite structure grown along the
c-axis. In the wurtzite 1D section, the basal facets are polar
and exhibit higher activity as compared to the nonpolar lat-
eral facets. In addition, the wurtzite structure is composed
of alternative cadmium and chalcogen atomic layers along
the c-axis. For example, in a wurtzite CdSe nanorod, the
exposed {0001} planes are terminated either by a Cd-ter-
minated (0001) surface or a Se-terminated (000 1) surface.
The Cd atom on the (0001) surface has only one dangling
bond, while the Se atom on the (000 1) surface has three
dangling bonds, indicating the different reactivities on these
two surfaces. The higher reactivity of the tips in anisotropic
NCs offers opportunity for the growth of a second material
exclusively at these locations.

The synthesis of nanodumbbells and nanomatchsticks is
an interesting example of the site-selective growth [92]. By
carefully adjusting the synthetic conditions, matchstick-like
or dumbbell-like structures, which consist of PbSe selec-
tively grown on one or both basal facets of CdS or CdSe
nanorod, can be obtained. Interestingly, the growth of PbSe
on the lateral facets was never observed. The different reac-
tivities among various facets of the wurtzite structure might

https://doi.org/10.1007/s40820-019-0317-6
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Fig. 3 a Schematic illustration of the cation exchange transformation of Cu, ¢S NCs into sandwich-like heterostructures with ZnS caps. b-f
TEM images show the composition change from the initial Cu; ¢S NCs b into ZnS f with a thin layer of Cu, ¢S. The Cu, ¢S disk thickness (t) is
indicated. Reproduced with permission from Ref. [89]. Copyright 2014, American Chemical Society. g Scanning transmission electron micros-
copy (STEM) image of a single partially exchanged hexagonal Cu,Se NC. Two PbSe stripes in the middle of the NC were observed. Reproduced
with permission from Ref. [90]. Copyright 2017, American Chemical Society. h TEM image of partially exchanged CdS QD consisting of a
heterostructure of CdS and PbS. i TEM image of partially exchanged CdSe QD. Reproduced with permission from Ref. [91]. Copyright 2015,

American Chemical Society

be related to the different binding energies of the surfactant
molecules binding to different facets.

Casavola et al. demonstrated that the facet-dependent
chemical reactivity was governed mainly by the selective
adhesion of surfactants rather than by the small difference
in interfacial strain that results from the lattice mismatch
at different locations [93]. In a Co-TiO, system, the Co
domains can be selectively decorated either solely at the
tips or at multiple locations along the longitudinal sidewalls
of TiO, nanorods by adjusting the ratio of different sur-
factants. The composition and concentration of surfactants
in solution are the key parameters in determining the growth
mode. Because of their strong affinity to both TiO, and Co

SHANGHAI JIAO TONG UNIVERSITY PRESS

surfaces, carboxylic acids, such as 1-octanoic acid (OCAC),
are able to form a compact organic shell around the TiO,
seeds to inhibit the reaction with the available monomers
in solution. Indeed, a high concentration of OCAC in the
solution leads to the homogenous nucleation of Co rather
than the formation of TiO,-Co heterostructure. In contrast,
at moderate OCAC/TiO, ratio, matchstick and dumbbell
structures are obtained, indicating that the basal facets of
TiO, nanorods are less organic-passivated and more chemi-
cally accessible than other facets. At a low concentration of
OCTA, the ligands covering on the sidewalls of TiO, seeds
become poor, so that Co domains start to nucleate at the
sidewalls of TiO,.
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3.2.2 1D NCs Grown on 1D Seeds

3.2.2.1 1D Core@shell Structure Compared with the
synthesis of onion-like core @shell structures based on 0D
seeds, the construction of coaxial core@shell structures
with uniform shell thickness based on 1D anisotropic NCs is
more challenging. First of all, the synthetic challenge arises
from the different surface curvatures among the locations at
the edge, tip, and branch regions, which may possess vary-
ing chemical reactivities. Since the lengths of these aniso-
tropic NCs are in the range from a few nanometers to hun-
dreds of nanometers, the coaxial growth of epitaxial shells
over the extended surface is more challenging. Furthermore,
there is an additional requirement to maintain the original
shape of the anisotropic seed even though it is not the ther-
modynamically stable configuration [94].

Analogous to the synthesis of core@shell QDs, Manna
et al. reported the growth of CdS@ZnS graded shell on
CdSe nanorods by simultaneous injection of the Cd and Zn
precursors with a low molar ratio of Cd/Zn [77]. The CdS
preferentially nucleates on the surface of CdSe nanorod to
reduce the interfacial energy. The larger lattice mismatch
between ZnS and CdSe cannot be compensated by the high
concentration of Zn in the precursor solution. Interestingly,
besides regular shell growth, a tail of ZnS grew straight out
of one end of the nanorods after 5-6 monolayers of shell
were deposited, providing evidence for the intense strain in
the structures. The growth of a ZnS tail at one end of the
rod is to relive the strain, which also proves the existence of
different reactivities among the surface of nanorod.

3.2.2.2 1D Linear Heterostructures The 1D linear heter-
ostructures can be obtained by the extension of the exist-
ing 1D seeds, i.e., growth of a second nanorod on the tips
of 1D seeds. The mechanism of selective nucleation of 1D
nanorod on the tips of 1D seeds is similar to that of the
selective deposition of 0D NCs on 1D seeds, except that the
1D directional growth is facilitated in the presence of cap-
ping molecules. 1D linear structures of CdTe/CdSe/CdTe
can be fabricated by this method using CdSe nanorods as
seeds [21, 95, 96]. Experimentally, CdO was heated in a
mixture of tetradecylphosphonic acid (TDPA) and TOP
to form a starting solution with Cd-TDPA complex as the
Cd precursor. The chalcogenide sources were prepared by
dissolving Se or Te in TOP. The CdSe nanorod seeds were
first formed in the solution by periodically injecting TOP-
Se into the reaction solution in every 3 min [95]. Selective
growth of CdTe at the tips of CdSe nanorods could be
achieved by changing the TOP-Se precursor to TOP-Te.

© The authors

By changing the chalcogenide precursor, the chemical
composition of the second phase grown at the tips can be
changed. For example, CdSe, Te, /CdSe/CdSe,Te, , with
continuously variable composition x could be prepared by
this method [97].

The partial cation exchange performed on 1D tem-
plates can also result in the formation of 1D linear heter-
ostructures. For example, CdS nanorods can be converted
to CdS/Cu,S heterostructures by partially replacing the
Cd** ions with Cu™ ions [98]. The cation exchange reac-
tion starts preferentially at the tips of CdS nanorods, and
the resulting Cu,S regions appear to grow along a single
crystallographic direction (Fig. 4a). This process results
in the formation of Cu,S-CdS linear heterostructure
(Fig. 4b, c¢). Since the wurtzite CdS and orthorhombic
Cu,S share similar anion sublattice, the lattice volume
only decreases by 8% when CdS was converted to Cu,S,
and therefore, the morphology and size of nanorods were
well preserved after the cation exchange. Similar struc-
tures have been obtained in CdTe/Cu, Te* and CdSe/
PbSe [99] systems.

Robinson et al. reported 1D Ag,S/CdS striped super-
structures by partial cation exchange in CdS nanorods with
Ag™ ions [100]. At the beginning of the cation exchange,
Ag,S regions randomly dispersed over the surface of CdS
nanorods. This is different from the Cu,S-CdS case, in
which the cation exchange started preferentially at the tips
of CdS nanorods (Fig. 4a) [98]. 1D superlattice with alter-
nating segments of CdS and Ag,S along the nanorods was
obtained with the progress of cation exchange (Fig. 4d, e).

3.2.3 2D Nanostructures Grown on 1D Seeds

Epitaxial growth of 2D nanosheets or nanoplates on 1D
nanowire seeds, referred to as 2D/1D heterostructures, is
of great importance to integrate 1D and 2D building blocks
into 3D structures with multi-functions. The construction of
2D/1D epitaxial structure is extremely difficult, especially
for the 2D building block with atomic thickness, since the
epitaxial interface is located at the edge of the growing 2D
building block, which requires the perfect match of the
crystal structures and the crystal lattices between the two
materials.

Bi,Te;-Te heterostructure consisting of 2D Bi,Te; nano-
plates grown on 1D Te nanorods is a typical example of
2D/1D epitaxial configurations [101-104]. Wang et al.

https://doi.org/10.1007/s40820-019-0317-6
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Fig. 4 a Schematic illustration of the synthesis of 1D linear structure and 1D striped structure by partial cation exchange. b Color-composite
energy-filtered TEM image of CdS-Cu,S nanorods. The orange regions correspond to the Cd energy-filtered mapping, and the blue regions cor-
respond to the Cu mapping. ¢ HRTEM image of a CdS-Cu,S nanorod. Reproduced with permission from Ref. [98]. Copyright 2009, American
Chemical Society. d, e TEM images of transformed CdS-Ag,S superlattices. Inset in e: Histogram of Ag,S segment spacing. Reproduced with

permission from Ref. [100]. Copyright 2007, Science Publishing Group

reported the synthesis of Bi,Te;-Te heterostructure by a
one-pot method. By controlling the reaction kinetics, Te
nanorods were produced based on the reaction of TeO,*~ and
Bi** in the presence of hydrazine. Then, Bi,Te; nanoplates
grew on the tips and surfaces of these nanorods [101]. The
small lattice mismatch and minimization of nucleation
energies for Te and Bi,Te; were the main reasons for the
epitaxial growth of Bi,Te; nanoplates on Te nanorods. The
lattice mismatch between Te (0001) and Bi,Te; (0001) is
only 1.62%, allowing the preferential growth of Bi,Te; on
the (0001) facets located at both ends of Te nanorods. After
the extensive epitaxial growth on tips, the Bi,Te; started to
nucleate on the side surface of Te nanorods. However, due to
the significantly larger lattice mismatch on the side surface,
the growth of Bi,Te; nanoplates on Te nanorod followed
the Volmer—Weber model, indicating that Bi, Te; nucleates
as many isolated islands distributing along the nanorod sur-
face. The further growth of the nuclei led to the formation
of Bi,Te; nanoplates with (0001) facets perpendicular to the
longitudinal direction of Te nanorod.

SHANGHAI JIAO TONG UNIVERSITY PRESS

Transition metal dichalcogenides (TMDs), e.g., MoS, and
MoSe,, are layered materials, in which the TMD monolay-
ers stack together by the van der Waals force [105-107]. In
the TMD monolayer, a transition metal layer is sandwiched
between two chalcogen layers. Due to the special crystal
structure, it is extremely challenging to construct TMD-
based epitaxial heterostructure with edge contact (i.e., lat-
eral heterostructures) since very few materials have lattice
parameters matching the edges of TMDs [24, 108-111]. So
far, most of the reported lateral heterostructures are lim-
ited to two TMD components, such as MoS,-MoSe, and
MoS,-WS, [112-116]. Recently, our group reported a new
type of lateral heterostructure consisting of layered TMD
material and another non-layered nanomaterial [117]. The
TMD NSs, e.g., MoS, and MoSe,, epitaxially grown along
the longitudinal direction of 1D Cu, S NWs vertically are
realized by using Cu, S NWs as seeds (Fig. 5a, b). In the
obtained Cu,_S-MoSe, heterostructures, detailed interface
structures between the high chalcocite Cu,S and MoSe, NSs
were revealed by a series of scanning transmission electron
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microscopy (STEM) characterization (Fig. 5c, d). It was
confirmed that the Se layers in MoSe, closely contacted the
pure Cu layers in the high chalcocite Cu,S. As a result, the
well-matched crystal structures between the TMD NSs and
Cu,S are critical to successfully construct the epitaxial het-
erostructures (Fig. Se).

3.3 Semiconductor Nanomaterial-Based Epitaxial
Heterostructures with 2D Seeds/Templates

Recently, 2D nanomaterials have attracted tremendous atten-
tion due to their superior performance and potential appli-
cations in electronics and optoelectronics [118-126]. Two
types of 2D nanosheets/nanoplates have been fabricated in
recent years. The first type of 2D nanomaterials is made of
layered semiconductors which possess 2D crystal structures,
such as TMDs. The second type consists of semiconductors
with non-layered crystal structures, such as II-VI semicon-
ductors with wurtzite or zinc blende structure [17, 126, 127].
The thickness of both types can be controlled with atomic
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precision, enabling the 2D nanomaterials with novel physi-
cal and chemical properties.

3.3.1 0D NCs Grown on 2D Seeds

For 2D nanomaterials with layered crystal structures,
the absence of surface dangling bond on the basal plane
makes them an excellent platform for construction of
van der Waals epitaxial heterostructures which can toler-
ate very large lattice mismatch [128—130]. However, the
weak van der Waals interaction in solution makes it very
difficult to synthesize epitaxial heterostructures by wet-
chemical methods. Recently, our group demonstrated the
epitaxial growth of noble metals NCs, including Pd, Pt,
and Ag, on the lithium-intercalated and exfoliated single-
layer MoS, NSs in solution phase (Fig. 6a—f) [131]. Two
types of epitaxial orientations, i.e., the (111) and (101)
orientations, have been found to coexist for metal NCs
grown on the MoS, (001) surface. Continuous diffraction
rings of {111}, {200}, and {220} of Pt were also identi-
fied (Fig. 6e), indicating that not all the Pt NCs exhibit

41
Mo layers

S &ﬁ 0.16 nm
0 6 o 6o o (Tzo)
@CufS JMo@®Se

Fig. 5 a Schematic illustration of the synthesis of Cu, S-MoX, (X=S or Se) epitaxial heterostructure. b TEM image of a Cu,_ ,S-MoSe, het-
erostructure. The circles indicate the Cu, ¢,S (component i) and Cu,S (component ii). The red arrows indicate the MoSe, (component iii). Inset:
HRTEM image of Cu,_S-MoSe, taken in the square in (b). ¢ HAADF-STEM and d annular bright-field STEM images of a Cu,_S-MoSe, heter-
ostructure taken at the same area. e Schematic illustration of the crystal structure of Cu,_ S-MoSe, heterostructure. Reproduced with permission

from Ref. [117]. Copyright 2017, American Chemical Society
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epitaxial growth, probably due to the defects or edges in
the MoS, NSs. In addition to noble metals, Schornbaum
et al. reported the successful deposition of PbSe QDs on
MoS, surface in an epitaxial manner [110]. PbSe QDs with
the size of around 5.7 nm were epitaxially grown on MoS,
surface with the [200]p,q,. lattice planes aligned with the
[11-20] pos2 lattice planes.

(a) (b)

Recently, lead halide perovskites, such as CH;NH;Pbl;,
have attracted great attention due to their unique optical
properties [132—135]. The growth of perovskite crystals
on suitable 2D materials may produce heterostructures
with excellent electronic and optical properties [136, 137].
Zhang et al. reported the epitaxial growth of MAPbBr;
(MA =CH;3NH;) on MoS, NSs in solution phase [138].
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Fig. 6 a TEM image of Pd NCs grown on an MoS, nanosheet. b Selected-area electron diffraction (SAED) pattern of Pd-MoS, epitaxial hetero-
structures with the electron beam perpendicular to the basal plane of the MoS, nanosheet. ¢ HRTEM image of Pd NCs on MoS,, showing dis-
tinguishable lattice fringes of Pd and MoS,. Inset: photograph of the Pd-MoS, solution. d TEM image of Pt NCs grown on an MoS, nanosheet.
e SAED pattern of Pt-MoS, epitaxial heterostructures with the electron beam perpendicular to the basal plane of the MoS, nanosheet. f HRTEM
image of Pt NCs on MoS, showing distinguishable lattice fringes of Pt and MoS,. Reproduced with permission from Ref. [24]. Copyright 2013,
Nature Publishing Group. g TEM image and schematic illustration of lateral 2D heterostructures consisting of Bi,Se; nanoplates and CdS NCs.
h HRTEM image of the Bi,Se;-CdS interface, viewed along the [001] axes. i TEM image and schematic illustration of basal Bi,Se;-CdS hetero-
structures. Reproduced with permission from Ref. [140]. Copyright 2015, American Chemical Society
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MAPbBr; NCs showed two types of epitaxial relationship
with MoS, NSs, i.e., MAPbBr; (200)//MoS, (2 1 0) with
a 47% lattice mismatch and MAPbBr; (220)//MoS, (100)
with a 24% mismatch. Such large symmetry/lattice mis-
match was tolerated due to the dangling-bond-free surface
of MoS, NSs. Layered 2D NSs without surface dangling
bonds are excellent platforms to construct van der Waals
epitaxy, which allow the existence of lattice mismatch as
large as 50% [139].

The site-selective growth of OD CdS nanoparticles on
either the edge or the basal facet of 2D Bi,Se; substrate
was demonstrated by Xu and co-workers [140]. In their
experiments, by choosing the S precursor with different
reactivities, the site-selective growth can be achieved. When
sodium diethyldithiocarbamate (DDTC), an inert S precur-
sor, was used, CdS nanoparticles mainly grown laterally on
Bi,Se; where the (100), (010), and (110) lattice fringes of
CdS and Bi,Se; were parallel to each other (Fig. 6g, h). In
contrast, CdS could be basally grown onto the Bi,Se; NSs
using more reactive sulfur precursors, such as thiourea and
thioacetamide (Fig. 6i). DFT calculations showed that the
lateral growth was more preferable compared to the basal
growth. When the inert S precursor (i.e., DDTC) was used,
CdS preferred to nucleate at the edge, resulting in the lateral
growth by a thermodynamically controlled process. How-
ever, the kinetically controlled process dominated the syn-
thesis when highly active S precursor (i.e., thioacetamide)
was used. The fast decomposition of thioacetamide resulted
in a quick nucleation of CdS. The possibility for CdS to
deposit onto the lateral or basal plane of Bi,Se; was almost
the same, due to the presence of more anchoring sites on
the large basal plane. This controlled synthesis strategy can
be extended to a series of V—VI layered chalcogenides, e.g.,
Bi,Tes, Bi,Te,Se, and Bi,TeSe,, in which the lateral growth
of CdS was achieved.

3.3.2 1D NCs Grown on 2D Seeds

Epitaxial growth of 1D nanostructure on 2D seeds to form
3D architectures is another synthetic challenge. There are
only a few reports on the preparation of 3D hierarchical
nanostructures from 2D templates [141-143]. The major
synthetic obstacle originates from the requirement of the
combination of different growth modes and the existence
of discontinuous 1D/2D interfaces. Moreover, it is still
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difficult to control the nucleation and growth sites of second-
ary materials on the anisotropic 2D seeds to form specific
architectures.

Trizio et al. reported the growth of CdSe nanorods/nano-
plates on the basal facets of Cu;P nanoplates in a mixture
of trioctylphosphine oxide (TOPO), hexylphosphonic acid
(HPA), and octadecylphosphonic acid (ODPA) [142]. The
preferential growth of CdSe nanorods at the edge of the
basal facets of the CusP plates was realized at 300 °C. The
selective growth was most likely driven by the higher activ-
ity of the Cu,;P edges, on which more active sites existed for
the nucleation of CdSe. The small lattice mismatch between
the (0002) facets of CdSe and Cu,P facilitated the vertical
growth of CdSe nanorods on Cu;P nanoplates. Interestingly,
sandwich-like heterostructures were obtained at high reac-
tion temperature (380 °C) in the presence of a large amount
of ODPA. These results indicated that the capping molecules
(HPA and ODPA) may change the surface chemical state of
Cu;P and control the nucleation of CdSe on Cu;P. However,
more experiments are required to reveal the detailed growth
mechanism.

Our group reported a seeded growth approach to construct
three types of epitaxial 1D/2D heterostructures, in which
II-VI semiconductor (CdS or CdSe) nanorod arrays can be
selectively grown on different facets of hexagonal-shaped
nanoplates, i.e., the two basal facets of the nanoplate (type
A, Fig. 7a—c), one basal facet (type B, Fig. 7d—f), or the two
basal facets and six side facets (type C, Fig. 7g—i) [141].
The 1D/2D heterostructures were prepared by injecting
the S (or Se) precursor with different types of seeds into
a reaction solution containing Cd precursor and capping
molecular (i.e., ODPA, HPA, TOP, and TOPO). The seed-
engineering is essential for the construction of these hierati-
cal 1D/2D structures. Three types of seeds originated from
hexagonal CuS nanoplates are prepared. Type A structure
was synthesized by using wurtzite CdS nanoplates (seed A)
as seed, which exposed basal (001) and (00 1) facets. CdS
or CdSe nanorods selectively grow on both basal facets of
the wurtzite CdS seed along its <001 > direction (Fig. 7b,
¢). The mechanism for such directional growth is similar
to that used for the preparation of dot-in-rod structures
discussed in Sect. 3.1.2. Type B structure was synthesized
by using a sandwich seed consisting of two hexagonal
Cu,,S,Se,, layers and a cubic Cu,_S core (h-Cu, S Se,_/
Cu,_S/h-Cu, ,S,Se,_, seed B). Interestingly, asymmetric
growth was observed in type B structure, in which nanorods

https://doi.org/10.1007/s40820-019-0317-6
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Type B

Fig. 7 a Schematic illustration of type A nanostructure. TEM images of CdS-type A nanostructure lying flat b and standing ¢ on the TEM grids.
d Schematic illustration of type B nanostructure. e Dark-field STEM image of CdS-type B nanostructures. f Dark-field STEM image of a typical
CdS-type B nanostructure standing on the TEM grid. Two bright strips, indicated by black arrows, can be clearly observed in the nanostructures.
g Schematic illustration of type C nanostructure. h, i Dark-field STEM images of CdS-type C nanostructures. Reproduced with permission from

Ref. [141]. Copyright 2016, Nature Publishing Group

were only grown on one basal facet of seed B, but on the
other basal facet of seed B, a uniform CdS coating layer was
observed (Fig. 7e, f). Similar to the CdSe nanorod grown on
Cu,P [134], the capping molecular (ODPA, HPA, TOP) as
well as the lattice mismatch induced by different chemical
compositions may have a great effect on the growth mode.
Unfortunately, the detailed mechanism is still unclear. Type
C structure was synthesized by using a sandwich seed con-
sisting of two cubic Cuz_xSySel_y layers and a cubic Cu,_S
core (¢-Cu,_,S,Se, /Cu,_S/c-Cu, S Se,_,, seed C). Impres-
sively, CdS nanorod arrays grown on six side facets and two
basal facets of the seed C were obtained (Fig. 7h, i). During
the synthesis of type C structures, the sandwich-like seed C
underwent a fast cation exchange reaction in the presence

d2+

of excessive Cd“™ ions. The crystal structure after cation

SHANGHAI JIAO TONG UNIVERSITY PRESS

exchange can be ascribed to the zinc blende structure with
well-developed exposed {111} facets. Therefore, the wurtz-
ite CdS nanorods epitaxially grew on the eight {111} facets,
i.e., two basal and six side facets.

3.3.3 2D NCs Grown on 2D Seeds

3.3.3.1 2D van der Waals Heterostructures Stacking 2D
layered materials on top of each other to form van der Waals
heterostructures has emerged and led to the observation of
numerous exciting physical phenomena [109, 144]. Lots
of van der Waals heterostructures have been constructed
by the CVD growth or physical epitaxy. However, direct
synthesis of such kind of heterostructures in solutions is
rarely reported. Recently, Wang and co-workers reported
the realization of vertical metal-semiconductor heterostruc-
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tures composed of SnysW sS, and SnS, in solution phase
by a one-pot hydrothermal method [145]. SnS, nanoplates
and Sn,, ;WO; nanorods were formed at the beginning of
the hydrothermal process. As the reaction proceeded, the
Sn, ;;WO; decomposed and SnysW;,5S, NSs started to
epitaxially deposit on the surface of the SnS, nanoplates.
The combination of semiconducting SnS, and metallic 1T
Sny sW 55, led to the formation of ohmic-like contact at the
Sny sWq 5S,/SnS, heterointerface. Thus, the obtained het-
erostructures showed rapid transport of charge carriers and
allowed for the fabrication of fast photodetectors.

3.3.3.2 2D Core@shell Structures Two methods have
been developed to prepare epitaxial 2D core@shell nano-
plates, such as CdSe @CdS. Mahler et al. developed a layer-
by-layer deposition at room temperature, through which
the layer number of the deposited shells can be precisely
controlled [146]. For example, to deposit a CdS monolayer
on CdSe nanoplate, a bis-trimethylsilylated (TMS,S) anion
layer, acted as the S precursor, was first coated on zinc blende
CdSe surface by ligand exchange. Then, the nanoplate was
washed twice to remove the excess of TMS,S. Such wash-
ing step also created a reactive and S-rich surface on CdSe

Core@shell

Core-crown

by breaking the remaining TMS-S bonds. Then, a solution
of Cd acetate was added to induce the monolayer growth
at room temperature (Fig. 8a—c). The synthetic approach
is very general and can be extended to other types of shell
materials, as long as the reactivities of the core surface and
the precursor are high [147-150].

Although the layer-by-layer method is very useful to finely
control the shell thickness and chemical composition, this
protocol is very time-consuming, and the NCs need to be
carefully washed between each deposition process to avoid
the secondary nucleation. To simplify the experiment, a one-
pot method was developed based on the in situ generation
of H,S by the reaction of thioacetamide with octylamine
[146]. In the experiment, a mixture of thioacetamide (TAA)
and octylamine was first added into the CdSe solution to
initiate the deposition of a sulfur layer. Then, a cadmium
source was added, and the reaction was allowed to proceed
for a few hours to obtain CdSe @CdS core @shell structure.
However, compared with the layer-by-layer method, the shell
deposition using the one-pot method was not uniform. Some
nanoplates showed distorted shape and others had edges

Fig. 8 a Schematic illustration of the synthesis of core@shell and core-crown structures from 2D seeds. b HAADF image of annealed CdSe @
CdS core@shell nanoplates with very smooth surfaces. ¢ High-resolution HAADF image of a CdSe@CdS core @shell nanoplate on the side
exhibiting the core @shell structure and five Cd planes of the initial CdSe nanoplate. Reproduced with permission from Ref. [146]. Copyright
2012, American Chemical Society. d TEM image of CdSe-CdS core-crown heterostructures. e HAADF-STEM image and f color-coded STEM
EDS map of CdSe-CdS core-crown heterostructures. The red, green, and blue colors represent to S, Se, and Cd, respectively. Reproduced with

permission from Ref. [151]. Copyright 2013, American Chemical Society

© The authors
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with higher contrast than their center, indicating the thick-
ness inhomogeneity.

3.3.3.3 2D Core-Crown Structures Another type of
2D/2D heterostructure is the core-crown structure, in which
the second material is grown laterally to the original 2D
seed, while the thickness remains unchanged after reaction
(Fig. 8a). For example, Prudnikau et al. reported the synthe-
sis of CdSe-CdS core-crown structures (Fig. 8d—f) [151].
The formation of these structures was realized by using Cd
ethylhexanoate and S in octadecene as precursors for the
lateral growth of CdS in the presence of short-chain car-
boxylate ligands. In contrast, long-chain ligands may block
the epitaxial growth at the edges of CdSe seed, resulting
in the formation of core@shell structure. Compared with
the CdSe-CdS core@shell structure which shows a large
(~ 100 nm) red shift of absorption and PL bands, the CdSe-
CdS core-crown structure shows almost no red shift of the
exciton transition after the CdS growth. The absence of red
shift is due to the unchanged thickness after the growth of
CdS.

4 Properties and Applications
of Semiconductor Nanomaterial-Based
Epitaxial Heterostructures

Until now, a wide spectrum of semiconductor nanomate-
rial-based epitaxial heterostructures with varying architec-
tures and compositions has been prepared by wet-chemical
methods. These nanomaterials with unique optical and
electric properties have shown many potential applications,
including light-emitting devices (LEDs) [152—154], solar
cell [155-157], photodetectors [110], bio-imaging/sensing
[158], and catalysis [33, 35]. In this section, we will briefly
introduce the unique advantages of epitaxial heterostruc-
tures prepared via wet-chemical methods in some promising
applications.

4.1 Light-Emitting Devices

Colloidal QDs with type I core@shell structure have been
widely used for light-emitting applications [159-161]. The
great advantage of QDs for LED applications arises from
their tunable bandgap, high quantum efficiency (QE), and
solution processability. The ability to precisely control the
size and shape of QDs allows researchers to fine-tune the

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

bandgap of QDs due to the quantum size effect. Together
with the various chemical compositions and stoichiometries,
systematic and precise spectral tunability of efficient emis-
sion can be achieved (Fig. 9a). For example, CdSe-based
core @shell QDs are used for the visible-wavelength LEDs,
and PbS-based heterostructure is the material of choice for
near-infrared devices, as shown in Fig. 9b.

The core@shell configuration of QDs with epitaxial shell
greatly enhances the QE and photostability [162]. The epi-
taxial shell can passivate the surface non-radiative recombi-
nation sites of the core. The surface dangling bonds, acting
as trap states for the charge carriers and thereby reducing
the QE, are reduced by the epitaxial shell [163]. In addi-
tion, since the shell physically separates the optically active
core from the surrounding medium, the sensitivity of optical

‘mir

ZnCdS/ZnS 1

CdSe/ZnS CdZnSe
ZnSe/CdSel/ZnS
(b) PbS/CdS QDs CdSe/ZnS QDs
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Fig. 9 a Photograph of PL of core@shell QDs with different com-
positions. In this photograph, QD solutions are excited by a UV lamp
with emission centered at a wavelength of 365 nm. Reproduced with
permission from Ref. [161]. Copyright 2009, American Chemi-
cal Society. b PL spectra of CdSe@ZnS and PbS@CdS core@shell
QDs showing the possibility for narrowband emission across the vis-
ible and near-IR wavelength regions. Inset: schematic illustration of a
core@shell QD. Reproduced with permission from Ref. [160]. Copy-
right 2010, Nano Reviews
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properties is reduced and the photostability of the QDs is
enhanced. For example, the PL quantum yield of phase-
pure zinc blende CdSe@CdS core@shell QDs with ten-
monolayer CdS shell can achieve above 90%, which was
almost one order of magnitude greater than that of native
CdSe cores [159]. Based on these high-quality CdSe@CdS
QDs, LED with excellent performance and reproducibility,
color-saturated emission, and high efficiency up to 20.5%
can be fabricated. Besides the core @shell structures based
on 0D seeds, core @shell nanoplates [153], dot-in-rod [164],
and double-heterostructure nanorods [154, 165-167] have
also been used to fabricate LEDs.

4.2 Photovoltaic Device

The basic processes in a photovoltaic device include light
absorption, subsequent photoexcitation, charge separation,
and charge collection [168, 169]. The charge carrier sep-
aration process is a critical step for efficient solar energy
conversion. Semiconductor epitaxial heterostructures with
type II staggered band offset are capable of efficiently sepa-
rating photoexcited charges, a property which is highly
desirable for photovoltaics. In addition, the most efficient
configuration for charge transfer across heterointerface is
the high-quality epitaxial interfaces. The epitaxy between
different semiconductor components promotes direct elec-
tronic communication. For example, ultrafast separation of
photoexcited carriers has been demonstrated in CdSe-CdTe
type II heterostructures with different geometries. CdS @
CdTe core@shell QDs [170], quantum rods [171], nano-
plates [172], and terapods [85] exhibit sub-ps charge separa-
tion rates with slow recombination. However, the ability of
colloidal heterostructures to improve photovoltaic perfor-
mance is challenged by some undesirable aspects, such as
surface oxidation, charge traps, and inefficient charge trans-
port. The charge transport through a film made of colloi-
dal heterostructures is quite inefficient due to the existence
of surface traps and hopping barriers [155]. Thus, charge
transport through a film of colloidal heterostructures should
be avoided when these materials are used in photovoltaics.
McDaniel et al. reported photovoltaics that utilized CdSe/
CdTe 1D linear heterostructure as an extremely thin absorber
between the electron and hole transporting layers [173]. The
photovoltaics incorporated with CdSe/CdTe heterostructures
showed a short-circuit current and conversion efficiency up

© The authors

to three times as high as other devices made from single-
component counterparts of the heterostructures.

Another strategy to efficiently separate photoexcited
charges is to directly epitaxially grow electron donor mate-
rials on acceptor materials. Acharya et al. reported the direct
epitaxial growth of PbS QDs (donor) on a TiO, (acceptor)
film on indium tin oxide (ITO) substrate using hot-injection
method [174]. The photovoltaic performance of PbS/TiO,
epitaxial heterostructure was evaluated by incorporating
PbS/TiO, films into the prototype solar cells, in which the
maximum power conversion efficiency was 1.2%.

Perovskite solar cells based on organic—inorganic halide
perovskites have attracted much research interest due to their
high efficiency and low cost. High-quality perovskite films
with large grain size and preferential orientation are very
important to achieve high-performance perovskite solar cells
[175]. Recently, Tang et al. reported a solution-phase van der
Waals epitaxy growth of MAPbI; perovskite films on MoS,
flakes [135]. The in-plane coupling between the perovskite
and MoS, crystal lattices leads to larger grain size, lower
trap density, and preferential growth orientation along (110)
of the perovskite films. Therefore, in perovskite solar cells,
the power conversion efficiency is substantially enhanced
for 15% due to the increased crystallinity of the perovskite
layer and the improved hole extraction and transfer rate at
the interface.

4.3 Catalysis

The semiconductor-based epitaxial heterostructures have
also been used as photocatalysts for photocatalytic hydro-
gen evolution (HER) and photodegradation of methylene
blue. Amirav et al. reported the design of a multi-component
photocatalyst composed of Pt-tipped CdSe-CdS dot-in-rod
heterostructure for HER (Fig. 10a—d) [176]. The unique
advantage of this heterostructure lies in its ability to effi-
ciently separate the photoexcited charges. In such structure,
holes are three-dimensionally confined to the CdSe cores,
whereas the electrons are transferred to the Pt tips. Conse-
quently, the electrons are separated from holes over three
different components (Fig. 10a). By tuning the size of CdSe
core and the length of CdS rod, significant improvement of
the activity for hydrogen production as compared to that of
CdS-Pt was achieved (Fig. 10e). However, the problem in
such structure lies in the non-epitaxial relationship between

https://doi.org/10.1007/s40820-019-0317-6
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CdS nanorod and Pt particle, which may give rise to dense
interfacial defects, dissipating the excitation energy [177].
Our group evaluated the HER activity of CdS-MoS,
epitaxial heterostructures synthesized by a facial cation
exchange using Cu,_S-MoS, epitaxial heterostructures as
templates [117]. After cation exchange, the obtained CdS-
MoS, heterostructures remained their original architectures
(Fig. 10f-h). The vertical growth of MoS, along the longi-
tudinal direction of 1D CdS nanowires in an epitaxial man-
ner was obtained. The CdS-MoS, heterostructures with 7.7
wt % loading of MoS, nanosheets exhibited much enhanced
performance in the photocatalytic HER with a H, production
rate up to 4,647 pmol h™! g~!, which was about 58 times

direct contact between CdS and MoS, through the edge of
MoS, may promote the charge transfer between these two
components.

The epitaxial heterostructures also exhibit enhanced cat-
alytic activities toward photodegradation of organic dyes,
compared to the non-epitaxial counterparts. Wang et al.
reported the synthesis of CdS/a-Fe,O; heterostructure with
a-Fe,O5 nanoparticles epitaxially grown on the CdS nanow-
ire [35]. Compared to the non-epitaxial CdS/Fe;0, com-
posites, the CdS/a-Fe,0; epitaxial heterostructure showed
higher photocatalytic activity toward the photodegradation
of methylene blue. The enhanced activity of the CdS/a-
Fe,0; may be contributed to the faster charge separation in

as high as that catalyzed by pure CdS NWs (Fig. 10i). The
significant improvement in HER activity may result from

the CdS/a-Fe,O5 than that in the CdS/Fe;0,,.

the epitaxial configuration between MoS, and CdS. The

(e) QE=20%
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Fig. 10 a Schematic illustration of the multi-component heterostructure and energy band diagram of a Pt-tipped CdS rod with an embedded
CdSe seed. b The Pt tip is clearly seen in the HRTEM and HAADF-STEM images. TEM images of Pt-tipped seeded rods with the lengths of ¢
27 nm and d 70 nm on average. e Relative quantum efficiency for hydrogen production, obtained from Pt-tipped unseeded CdS rods (yellow),
and five different samples of Pt-tipped seeded rods with seed diameters of 3.1 (red) or 2.3 nm (green). Reproduced with permission from Ref.
[176]. Copyright 2010, American Chemical Society. f TEM image of a CdS-MoS, heterostructure. g HAADF-STEM and h ABF-STEM images
of the tip area of a CdS-MoS, heterostructure. The red triangles indicate the position of MoS, NSs. i Comparison of H, production activities
using CdS NWs and CdS-MoS, heterostructures with different loading amounts of MoS, NSs as catalysts. Reproduced with permission from
Ref. [117]. Copyright 2017, American Chemical Society. (Color figure online)
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4.4 Thermoelectric Device

Thermoelectric devices, such as noiseless cooling and
power generation devices, have attracted great attention
due to its ability to directly convert between thermal and
electrical energies [178]. However, the performance of ther-
moelectric devices is still far from satisfactory due to the
low figure of merit (ZT). The formation of the nearly per-
fect epitaxial interface in epitaxial heterostructure, which
could suppress the thermal transport and greatly maintain
the electronic properties, is desirable for thermoelectric
applications. The previous studies have shown that some
thermoelectric materials, such as Bi,Te;/Sb,Te; (ZT ~2.4)
superlattice film, possess high thermoelectric performance
because of the improved phonon scattering at the interfaces
and grain boundaries. However, the extremely expensive
and time-consuming fabrication process, e.g., molecular
beam epitaxy, is required [179]. Lin et al. reported a gram-
scale solution-phase growth of PbSe/Bi,Se; epitaxial het-
erostructure by using 2D Bi,Se; nanoplate as the template
[13]. The thermoelectric device made from PbSe/Bi,Se;
showed a thermoelectric figure-of-merit ZT three times
higher than that of the pristine Bi,Se; nanoplates at 575 K.
This significant enhancement can be largely attributed to the
increased Seebeck coefficient and ultralow thermal conduc-
tivity of the epitaxial heterostructures, resulting from the
efficient phonon scattering at the PbSe and Bi,Se; epitaxial
interface.

Theoretical studies have predicted that the further
enhancement of thermoelectric figure of merit could be
achieved in 1D heterostructures, such as superlattice nanow-
ire, by taking the advantages of both the quantum confine-
ment to enhance the power factor and the phonon scattering
at heterointerface to the lower thermal conductivity [180,
181]. Experimentally, Zhang et al. reported the synthesis of
Te-Bi,Te; barbell heterostructure by selectively converting
the Te nanowire into Bi,Te; [181]. The density of hexagonal
Bi,Te; plates on the Te nanowire can be controlled. The
electrical conductivity and the Seebeck coefficient of Te-
Bi,Te; heterostructure are much higher than those of the Te
nanowire. As a result, the ZT value of the Te-Bi,Te; hetero-
structure is more than two orders greater than the pure Te
nanowire. The significant improvement of the thermoelectric
performance is due to the enhanced phonon scattering at the
nanowire heterostructure surface and interface.

© The authors

5 Conclusion and Outlook

This review focuses on the progress that has been made over
the past decades in the field of wet-chemical synthesis of
semiconductor-based epitaxial heterostructures and their
applications. Seed-mediated solution-phase epitaxial growth
and post-synthesis cation exchange method are especially
highlighted. Epitaxial heterostructures with various architec-
tures and different compositions synthesized using 0D, 1D,
and 2D NCs as seeds/templates are summarized. The growth
mechanisms for each type of structures are discussed. The
unique advantages originated from the epitaxial configura-
tion have endowed these heterostructures with great poten-
tial in a number of applications ranging from optoelectron-
ics, catalysis to thermoelectrics.

Although great progress has been made, some challenges
still remain in the synthesis of semiconductor-based epitax-
ial heterostructures. First, further studies are required to gain
more insights into the growth mechanisms for the formation
of different kinds of epitaxial heterostructures. Designing
elaborate epitaxial heterostructures with precise control of
structures and compositions requires more understanding on
the growth mechanism under various conditions. Lots of fac-
tors, including the match of crystal structures, surface ener-
gies, capping molecules, and kinetic and thermodynamic
aspects, have been proposed to explain the epitaxial growth
of various heterostructures. However, there is still lack of the
general principle to guide the design of synthetic routes for
epitaxial heterostructures in order to meet specific functional
requirements.

Second, from the structure point of view, designing epi-
taxial heterostructure with mixed dimensionality is essen-
tial for exploring their potential applications. Materials
with different dimensionalities possess their own intrinsic
advantages and disadvantages. The construction of hetero-
structures with mixed dimensionalities could combine the
advantages and mitigate the drawbacks of the single com-
ponents. For example, in the dot-in-rod heterostructure, the
band edge emission is related to the OD core, while some
advantages, such as linearly polarized emission, suppression
of Auger non-radiative recombination, and large absorbance
cross sections, are inherited from the 1D shell [182]. Tran-
sition metal dichalcogenides (TMDs), such as MoS, and
MoSe,, are 2D layered materials with anisotropic properties.
For example, the in-plane conductivity of MoSe, is ~ 1500
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times as high as the cross-plane conductivity [183]. Thus,
the construction of mixed-dimensional heterostructures con-
sisting of 2D TMDs and other non-layered semiconducting
materials with interface located at the edges of TMDs may
possess tremendous potential applications due to the aniso-
tropic properties of TMDs. However, until now the construc-
tion of epitaxial heterostructure with mixed dimensionality
is still a great challenge, especially for heterostructures con-
sisting of 1D and 2D units [117, 141].

Third, further efforts are also required from the applica-
tion point of view. Although semiconductor epitaxial hetero-
structures have shown great potential in many applications,
such as LED and phototransistors, the relationship between
epitaxy and certain properties remains unclear. For example,
significant blinking (fluorescence intermittency) of QDs lim-
its their applications as single-photon light sources and bio-
labels for tracking single biomolecules [184]. Generally, a
thick inorganic shell (> 5 nm) coated on the QDs is required
to suppress the blinking [184, 185]. However, recent results
showed that the blinking could be efficiently suppressed by
a thin high-quality epitaxial shell (~0.7 nm), but the detailed
mechanism is still unclear [20]. Except some applications,
such as catalysis, few attention has been paid to how the
epitaxial growth affects the application. Therefore, more
efforts should be devoted to this research field for preparing
various semiconductor-based epitaxial heterostructures and
exploring their promising applications.

Acknowledgements This work was supported by MOE under
AcREF Tier 2 (ARC 19/15, No. MOE2014-T2-2-093; MOE2015-
T2-2-057; MOE2016-T2-2-103; MOE2017-T2-1-162) and
AcRF Tier 1 (2016-T1-001-147; 2016-T1-002-051; 2017-T1-
001-150; 2017-T1-002-119) and NTU under Start-Up Grant
(M4081296.070.500000) in Singapore. We would like to acknowl-
edge the Facility for Analysis, Characterization, Testing and Simu-
lation, Nanyang Technological University, Singapore, for use of
their electron microscopy (and/or X-ray) facilities. Hua Zhang
thanks the support from ITC via Hong Kong Branch of National
Precious Metals Material Engineering Research Center, and the
Start-Up Grant from City University of Hong Kong.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you
give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

| SHANGHAI JIAO TONG UNIVERSITY PRESS

References

1. P.D. Cozzoli, T. Pellegrino, L. Manna, Synthesis, proper-
ties and perspectives of hybrid nanocrystal structures. Chem.
Soc. Rev. 35(11), 1195-1208 (2006). https://doi.org/10.1039/
b517790c

2. M.J. Bierman, S. Jin, Potential applications of hierar-
chical branching nanowires in solar energy conversion.
Energy Environ. Sci. 2(10), 1050-1059 (2009). https://doi.
org/10.1039/b912095¢

3. L Gur, N.A. Fromer, C.-P. Chen, A.G. Kanaras, A.P. Alivisa-
tos, Hybrid solar cells with prescribed nanoscale morpholo-
gies based on hyperbranched semiconductor nanocrystals.
Nano Lett. 7(2), 409-414 (2007). https://doi.org/10.1021/
nl062660t

4. Y. Cui, U. Banin, M.T. Bjork, A.P. Alivisatos, Electrical
transport through a single nanoscale semiconductor branch
point. Nano Lett. 5(7), 1519-1523 (2005). https://doi.
org/10.1021/n1051064¢g

5. R. Yan, D. Gargas, P. Yang, Nanowire photonics. Nat. Pho-
tonics 3(10), 569-576 (2009). https://doi.org/10.1038/nphot
0on.2009.184

6. B. Tian, C.M. Lieber, Synthetic nanoelectronic probes for
biological cells and tissues. Annu. Rev. Anal. Chem. 6, 31-51
(2013). https://doi.org/10.1146/annurev-anchem-06201
2-092623

7. M.-R. Gao, Y.-F. Xu, J. Jiang, S.-H. Yu, Nanostructured metal
chalcogenides: synthesis, modification, and applications in
energy conversion and storage devices. Chem. Soc. Rev. 42(7),
2986-3017 (2013). https://doi.org/10.1039/C2CS35310E

8. F. Pinaud, X. Michalet, L.A. Bentolila, J.M. Tsay, S. Doose,
J.J. Li, G. Iyer, S. Weiss, Advances in fluorescence imaging
with quantum dot bio-probes. Biomaterials 27(9), 1679-1687
(2006). https://doi.org/10.1016/j.biomaterials.2005.11.018

9. X.Huang, C. Tan, Z. Yin, H. Zhang, Hybrid nanostructures
based on two-dimensional nanomaterials. Adv. Mater. 26(14),
2185-2204 (2014). https://doi.org/10.1002/adma.201304964

10. X. Huang, X. Qi, F. Boey, H. Zhang, Graphene-based com-
posites. Chem. Soc. Rev. 41(2), 666—-686 (2012). https://doi.
org/10.1039/C1CS15078B

11. C. Hinkle, M. Milojevic, B. Brennan, A.M. Sonnet, F.
Aguirre-Tostado, G. Hughes, E. Vogel, R. Wallace, Detec-
tion of Ga suboxides and their impact on III-V passivation
and Fermi-level pinning. Appl. Phys. Lett. 94(16), 162101
(2009). https://doi.org/10.1063/1.3120546

12. M.J. Hale, S. Yi, J. Sexton, A. Kummel, M.J. Passlack,
Scanning tunneling microscopy and spectroscopy of gal-
lium oxide deposition and oxidation on GaAs(001)-c(2 X 8)/
(2x4). Chem. Phys. 119(13), 6719-6728 (2003). https://doi.
org/10.1063/1.1601596

13. Z. Lin, A. Yin, J. Mao, Y. Xia, N. Kempf, Q. He, Y. Wang,
C.-Y. Chen, Y. Zhang, V. Ozolins, Scalable solution-phase
epitaxial growth of symmetry-mismatched heterostructures
on two-dimensional crystal soft template. Sci. Adv. 2(10),
€1600993 (2016). https://doi.org/10.1126/sciadv.1600993

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/b517790c
https://doi.org/10.1039/b517790c
https://doi.org/10.1039/b912095e
https://doi.org/10.1039/b912095e
https://doi.org/10.1021/nl062660t
https://doi.org/10.1021/nl062660t
https://doi.org/10.1021/nl051064g
https://doi.org/10.1021/nl051064g
https://doi.org/10.1038/nphoton.2009.184
https://doi.org/10.1038/nphoton.2009.184
https://doi.org/10.1146/annurev-anchem-062012-092623
https://doi.org/10.1146/annurev-anchem-062012-092623
https://doi.org/10.1039/C2CS35310E
https://doi.org/10.1016/j.biomaterials.2005.11.018
https://doi.org/10.1002/adma.201304964
https://doi.org/10.1039/C1CS15078B
https://doi.org/10.1039/C1CS15078B
https://doi.org/10.1063/1.3120546
https://doi.org/10.1063/1.1601596
https://doi.org/10.1063/1.1601596
https://doi.org/10.1126/sciadv.1600993

86

Page 22 of 28

Nano-Micro Lett. (2019) 11:86

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

L.J. Lauhon, M.S. Gudiksen, D. Wang, C.M. Lieber, Epitaxial
core—shell and core—multishell nanowire heterostructures.
Nature 420(6911), 57-61 (2002). https://doi.org/10.1038/
nature01141

H. Amano, N. Sawaki, I. Akasaki, Y. Toyoda, Metal organic
vapor phase epitaxial growth of a high quality GaN film using
an AIN buffer layer. Appl. Phys. Lett. 48(5), 353-355 (1986).
https://doi.org/10.1063/1.96549 @apl.2019.APLCLASS20
19.issue-1

I. Markov, S. Stoyanov, Mechanisms of epitaxial growth.
Contemp. Phys. 28(3), 267-320 (1987). https://doi.
org/10.1080/00107518708219073

. C. Bouet, M.C. Tessier, S. Ithurria, B. Mahler, B. Nadal, B.

Dubertret, Flat colloidal semiconductor nanoplatelets. Chem.
Mater. 25(8), 1262-1271 (2013). https://doi.org/10.1021/
cm303786a

K.S. Kim, Y. Zhao, H. Jang, S.Y. Lee, J.M. Kim et al., Large-
scale pattern growth of graphene films for stretchable trans-
parent electrodes. Nature 457(7230), 706-710 (2009). https
://doi.org/10.1038/nature07719

E.P. Bakkers, J.A. Van Dam, S. De Franceschi, L.P. Kouwen-
hoven, M. Kaiser, M. Verheijen, H. Wondergem, P. Van der
Sluis, Epitaxial growth of InP nanowires on germanium. Nat.
Mater. 3(11), 769-773 (2004). https://doi.org/10.1038/nmat1
235

O. Chen, J. Zhao, V.P. Chauhan, J. Cui, C. Wong et al., Com-
pact high-quality CdSe-CdS core-shell nanocrystals with nar-
row emission linewidths and suppressed blinking. Nat. Mater.
12(5), 445451 (2013). https://doi.org/10.1038/nmat3539

D.J. Milliron, S.M. Hughes, Y. Cui, L. Manna, J. Li, L.-W.
Wang, A.P. Alivisatos, Colloidal nanocrystal heterostruc-
tures with linear and branched topology. Nature 430(6996),
190-195 (2004). https://doi.org/10.1038/nature02695

G. Zhang, Q. Yu, W. Wang, X. Li, Nanostructures for ther-
moelectric applications: synthesis, growth mechanism, and
property studies. Adv. Mater. 22(17), 1959-1962 (2010).
https://doi.org/10.1002/adma.200903812

G.J. Snyder, E.S. Toberer, Complex thermoelectric materials.
Nat. Mater. 7(2), 105-114 (2008). https://doi.org/10.1038/
nmat2090

X. Huang, Z. Zeng, S. Bao, M. Wang, X. Qi, Z. Fan, H.
Zhang, Solution-phase epitaxial growth of noble metal nano-
structures on dispersible single-layer molybdenum disulfide
nanosheets. Nat. Commun. 4, 1444 (2013). https://doi.
org/10.1038/ncomms2472

L. Liu, J. Park, D.A. Siegel, K.F. McCarty, K.W. Clark et al.,
Heteroepitaxial growth of two-dimensional hexagonal boron
nitride templated by graphene edges. Science 343(6167),
163-167 (2014). https://doi.org/10.1126/science.1246137
H.-C. Shin, Y. Jang, T.-H. Kim, J.-H. Lee, D.-H. Oh et al.,
Epitaxial growth of a single-crystal hybridized boron nitride
and graphene layer on a wide-band gap semiconductor. J.
Am. Chem. Soc. 137(21), 6897-6905 (2015). https://doi.
org/10.1021/jacs.5b03151

W. Yang, G. Chen, Z. Shi, C.-C. Liu, L. Zhang et al., Epi-
taxial growth of single-domain graphene on hexagonal

© The authors

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

boron nitride. Nat. Mater. 12(9), 792-797 (2013). https://
doi.org/10.1038/nmat3695

Y. Liu, M.D. Deal, J.D. Plummer, High-quality single-crys-
tal Ge on insulator by liquid-phase epitaxy on Si substrates.
Appl. Phys. Lett. 84(14), 2563-2565 (2004). https://doi.
org/10.1063/1.1691175

M. Miyao, T. Tanaka, K. Toko, M. Tanaka, Giant Ge-on-
insulator formation by Si—Ge mixing-triggered liquid-phase
epitaxy. Appl. Phys. Express 2(4), 045503 (2009). https://doi.
org/10.1143/apex.2.045503

L. Carbone, P.D. Cozzoli, Colloidal heterostructured
nanocrystals: Synthesis and growth mechanisms. Nano
Today 5(5), 449—493 (2010). https://doi.org/10.1016/j.nanto
d.2010.08.006

Markov 1V, Crystal Growth for Beginners: Fundamentals of
Nucleation, Crystal Growth and Epitaxy, 2nd edn. (World
scientific, Singapore, 2016). https://doi.org/10.1142/5172

H. Lee, S. Yoon, J. Ahn, Y. Suh, J. Lee, H. Lim, D. Kim,
Synthesis of type II CdTe/CdSe heterostructure tetrapod
nanocrystals for PV applications. Sol. Energy Mater. Sol.
C 93(6), 779-782 (2009). https://doi.org/10.1016/j.solma
t.2008.09.050

J. Chen, X.J. Wu, L. Yin, B. Li, X. Hong et al., One-pot
synthesis of CdS nanocrystals hybridized with single-layer
transition-metal dichalcogenide nanosheets for efficient pho-
tocatalytic hydrogen evolution. Angew. Chem. Int. Ed. 54(4),
1210-1214 (2015). https://doi.org/10.1002/anie.201410172

W. Shi, S. Song, H. Zhang, Hydrothermal synthetic strategies
of inorganic semiconducting nanostructures. Chem. Soc. Rev.
42(13), 5714-5743 (2013). https://doi.org/10.1039/c3cs6
0012b

L. Wang, H. Wei, Y. Fan, X. Gu, J. Zhan, One-dimensional
CdS/a-Fe,05 and CdS/Fe;0,4 heterostructures: epitaxial
and nonepitaxial growth and photocatalytic activity. J.
Phys. Chem. C 113(32), 14119-14125 (2009). https://doi.
org/10.1021/jp902866b

J.B. Rivest, P.K. Jain, Cation exchange on the nanoscale: an
emerging technique for new material synthesis, device fabri-
cation, and chemical sensing. Chem. Soc. Rev. 42(1), 89-96
(2013). https://doi.org/10.1038/s41467-018-02878-w

L. De Trizio, L. Manna, Forging colloidal nanostructures
via cation exchange reactions. Chem. Rev. 116(18), 10852~
10887 (2016). https://doi.org/10.1021/acs.chemrev.5b00739

B.J. Beberwyck, Y. Surendranath, A.P. Alivisatos, Cation
exchange: a versatile tool for nanomaterials synthesis. J.
Phys. Chem. C 117(39), 19759-19770 (2013). https://doi.
org/10.1021/jp405989z

P.K. Jain, L. Amirav, S. Aloni, A.P. Alivisatos, Nanohetero-
structure cation exchange: anionic framework conservation.
J. Am. Chem. Soc. 132(29), 9997-9999 (2010). https://doi.
org/10.1021/ja104126u

H. Zhou, H. Sasahara, I. Honma, H. Komiyama, J.W. Haus,
Coated semiconductor nanoparticles: the CdS/PbS system’s
photoluminescence properties. Chem. Mater. 6(9), 1534—
1541 (1994). https://doi.org/10.1021/cm000452010

https://doi.org/10.1007/s40820-019-0317-6


https://doi.org/10.1038/nature01141
https://doi.org/10.1038/nature01141
https://doi.org/10.1063/1.96549@apl.2019.APLCLASS2019.issue-1
https://doi.org/10.1063/1.96549@apl.2019.APLCLASS2019.issue-1
https://doi.org/10.1080/00107518708219073
https://doi.org/10.1080/00107518708219073
https://doi.org/10.1021/cm303786a
https://doi.org/10.1021/cm303786a
https://doi.org/10.1038/nature07719
https://doi.org/10.1038/nature07719
https://doi.org/10.1038/nmat1235
https://doi.org/10.1038/nmat1235
https://doi.org/10.1038/nmat3539
https://doi.org/10.1038/nature02695
https://doi.org/10.1002/adma.200903812
https://doi.org/10.1038/nmat2090
https://doi.org/10.1038/nmat2090
https://doi.org/10.1038/ncomms2472
https://doi.org/10.1038/ncomms2472
https://doi.org/10.1126/science.1246137
https://doi.org/10.1021/jacs.5b03151
https://doi.org/10.1021/jacs.5b03151
https://doi.org/10.1038/nmat3695
https://doi.org/10.1038/nmat3695
https://doi.org/10.1063/1.1691175
https://doi.org/10.1063/1.1691175
https://doi.org/10.1143/apex.2.045503
https://doi.org/10.1143/apex.2.045503
https://doi.org/10.1016/j.nantod.2010.08.006
https://doi.org/10.1016/j.nantod.2010.08.006
https://doi.org/10.1142/5172
https://doi.org/10.1016/j.solmat.2008.09.050
https://doi.org/10.1016/j.solmat.2008.09.050
https://doi.org/10.1002/anie.201410172
https://doi.org/10.1039/c3cs60012b
https://doi.org/10.1039/c3cs60012b
https://doi.org/10.1021/jp902866b
https://doi.org/10.1021/jp902866b
https://doi.org/10.1038/s41467-018-02878-w
https://doi.org/10.1021/acs.chemrev.5b00739
https://doi.org/10.1021/jp405989z
https://doi.org/10.1021/jp405989z
https://doi.org/10.1021/ja104126u
https://doi.org/10.1021/ja104126u
https://doi.org/10.1021/cm00045a010

Nano-Micro Lett. (2019) 11:86

Page 23 of 28 86

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

S.E. Wark, C.-H. Hsia, D.H. Son, Effects of ion solvation
and volume change of reaction on the equilibrium and mor-
phology in cation-exchange reaction of nanocrystals. J.
Am. Chem. Soc. 130(29), 9550-9555 (2008). https://doi.
org/10.1021/ja802187¢c

A. Mews, A. Eychmiiller, M. Giersig, D. Schooss, H. Weller,
Preparation, characterization, and photophysics of the quan-
tum dot quantum well system cadmium sulfide/mercury
sulfide/cadmium sulfide. J. Phys. Chem. 98(3), 934-941
(1994). https://doi.org/10.1021/j100122a026

L. De Trizio, H. Li, A. Casu, A. Genovese, A. Sathya, G.C.
Messina, L. Manna, Sn cation valency dependence in cat-
ion exchange reactions involving Cu,_Se nanocrystals. J.
Am. Chem. Soc. 136(46), 16277-16284 (2014). https://doi.
org/10.1021/ja508161c

I. Kriegel, A. Wisnet, A.R.S. Kandada, F. Scotognella, F.
Tassone et al., Cation exchange synthesis and optoelectronic
properties of type II CdTe-Cu,_,Te nano-heterostructures.
J. Mate. Chem. C 2(17), 3189-3198 (2014). https://doi.
org/10.1039/C3TC32049A

M.D. Regulacio, C. Ye, S.H. Lim, M. Bosman, L. Pola-
varapu et al., One-pot synthesis of Cu; ¢,S-CdS and
Cu, ¢4S-Zn,Cd,_,S nanodisk heterostructures. J. Am. Chem.
Soc. 133(7), 2052-2055 (2011). https://doi.org/10.1021/
jal090589

J. Park, H. Zheng, Y.-W. Jun, A.P. Alivisatos, Hetero-epitaxial
anion exchange yields single-crystalline hollow nanoparti-
cles. J. Am. Chem. Soc. 131(39), 13943-13945 (2009). https
://doi.org/10.1021/ja905732q

J. Zhou, C. Pu, T. Jiao, X. Hou, X. Peng, A two-step synthetic
strategy toward monodisperse colloidal CdSe and CdSe/CdS
core/shell nanocrystals. J. Am. Chem. Soc. 138(20), 6475—
6483 (2016). https://doi.org/10.1021/jacs.6b00674

Y. Niu, C. Pu, R. Lai, R. Meng, W. Lin, H. Qin, X. Peng, One-
pot/three-step synthesis of zinc-blende CdSe/CdS core/shell
nanocrystals with thick shells. Nano Res. 10(4), 1149-1162
(2017). https://doi.org/10.1007/s12274-016-1287-3

H. Qin, Y. Niu, R. Meng, X. Lin, R. Lai, W. Fang, X. Peng,
Single-dot spectroscopy of zinc-blende CdSe/CdS core/shell
nanocrystals: nonblinking and correlation with ensemble
measurements. J. Am. Chem. Soc. 136(1), 179-187 (2013).
https://doi.org/10.1021/ja4078528

J.S. Steckel, J.P. Zimmer, S. Coe-Sullivan, N.E. Stott, V.
Bulovié¢, M.G. Bawendi, Blue luminescence from (CdS)
ZnS core—shell nanocrystals. Angew. Chem. Int. Ed. 43(16),
2154-2158 (2004). https://doi.org/10.1002/anie.200453728

Y. Yang, O. Chen, A. Angerhofer, Y.C. Cao, Radial-posi-
tion-controlled doping in CdS/ZnS core/shell nanocrystals.
J. Am. Chem. Soc. 128(38), 12428-12429 (2006). https://doi.
org/10.1021/ja064818h

D. Chen, F. Zhao, H. Qi, M. Rutherford, X. Peng, Bright and
stable purple/blue emitting CdS/ZnS core/shell nanocrys-
tals grown by thermal cycling using a single-source pre-
cursor. Chem. Mater. 22(4), 1437-1444 (2010). https://doi.
org/10.1021/cm902516f

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

M. Ethayaraja, C. Ravikumar, D. Muthukumaran, K. Dutta,
R. Bandyopadhyaya, CdS- ZnS core-shell nanoparticle for-
mation: experiment, mechanism, and simulation. J. Phys.
Chem. C 111(8), 3246-3252 (2007). https://doi.org/10.1021/
jp066066j

S. Haubold, M. Haase, A. Kornowski, H. Weller,
Strongly luminescent InP/ZnS core-shell nanoparti-
cles. ChemPhysChem 2(5), 331-334 (2001). https://doi.
org/10.1002/1439-7641

E. Ryu, S. Kim, E. Jang, S. Jun, H. Jang, B. Kim, S.-W. Kim,
Step-wise synthesis of InP/ZnS core — shell Quantum Dots
and the role of zinc acetate. Chem. Mater. 21(4), 573-575
(2009). https://doi.org/10.1021/cm803084p

S. Hussain, N. Won, J. Nam, J. Bang, H. Chung, S. Kim, One-
pot fabrication of high-quality InP/ZnS (core/shell) quantum
dots and their application to cellular imaging. ChemPhy-
sChem 10(9-10), 1466—1470 (2009). https://doi.org/10.1002/
cphc.200900159

A. Narayanaswamy, L. Feiner, A. Meijerink, P. Van der Zaag,
The effect of temperature and dot size on the spectral proper-
ties of colloidal inp/zns core-shell quantum dots. ACS Nano
3(9), 2539-2546 (2009). https://doi.org/10.1021/nn9004507

M. Brumer, A. Kigel, L. Amirav, A. Sashchiuk, O. Solo-
mesch, N. Tessler, E. Lifshitz, PbSe/PbS and PbSe/PbSe, S, _,
core/shell nanocrystals. Adv. Funct. Mater. 15(7), 1111-1116
(2005). https://doi.org/10.1021/jp0644356

E. Lifshitz, M. Brumer, A. Kigel, A. Sashchiuk, M. Bash-
outi et al., Air-stable PbSe/PbS and PbSe/PbSe S, _, core-
shell nanocrystal quantum dots and their applications. J.
Phys. Chem. B 110(50), 25356-25365 (2006). https://doi.
org/10.1021/jp0644356

J. Xu, D. Cui, T. Zhu, G. Paradee, Z. Liang, Q. Wang, S.
Xu, A.Y. Wang, Synthesis and surface modification of PbSe/
PbS core-shell nanocrystals for potential device applica-
tions. Nanotechnology 17(21), 5428 (2006). https://doi.
org/10.1088/0957-4484/17/21/024

A. Sashchiuk, L. Langof, R. Chaim, E. Lifshitz, Synthesis and
characterization of PbSe and PbSe/PbS core-shell colloidal
nanocrystals. J. Cryst. Growth 240(3), 431-438 (2002). https
://doi.org/10.1016/S0022-0248(02)01156-9

K.A. Abel, H. Qiao, J.F. Young, F.C. van Veggel, Four-fold
enhancement of the activation energy for nonradiative decay
of excitons in PbSe/CdSe core/shell versus PbSe colloidal
quantum dots. J. Phys. Chem. Lett. 1(15), 2334-2338 (2010).
https://doi.org/10.1021/jz1007565

B. De Geyter, Y. Justo, I. Moreels, K. Lambert, P.F. Smet
et al., The different nature of band edge absorption and emis-
sion in colloidal PbSe/CdSe core/shell quantum dots. ACS
Nano 5(1), 58-66 (2010). https://doi.org/10.1021/nn102980e
D. Grodziniska, W.H. Evers, R. Dorland, J. van Rijssel, M. A.
van Huis et al., Two-fold emission from the S-shell of PbSe/
CdSe core/shell quantum dots. Small 7(24), 3493-3501
(2011). https://doi.org/10.1002/sml11.201101819

S. Jiao, Q. Shen, I.N. Mora-Ser6, J. Wang, Z. Pan et al., Band
engineering in core/shell ZnTe/CdSe for photovoltage and
efficiency enhancement in exciplex quantum dot sensitized

@ Springer


https://doi.org/10.1021/ja802187c
https://doi.org/10.1021/ja802187c
https://doi.org/10.1021/j100122a026
https://doi.org/10.1021/ja508161c
https://doi.org/10.1021/ja508161c
https://doi.org/10.1039/C3TC32049A
https://doi.org/10.1039/C3TC32049A
https://doi.org/10.1021/ja1090589
https://doi.org/10.1021/ja1090589
https://doi.org/10.1021/ja905732q
https://doi.org/10.1021/ja905732q
https://doi.org/10.1021/jacs.6b00674
https://doi.org/10.1007/s12274-016-1287-3
https://doi.org/10.1021/ja4078528
https://doi.org/10.1002/anie.200453728
https://doi.org/10.1021/ja064818h
https://doi.org/10.1021/ja064818h
https://doi.org/10.1021/cm902516f
https://doi.org/10.1021/cm902516f
https://doi.org/10.1021/jp066066j
https://doi.org/10.1021/jp066066j
https://doi.org/10.1002/1439-7641
https://doi.org/10.1002/1439-7641
https://doi.org/10.1021/cm803084p
https://doi.org/10.1002/cphc.200900159
https://doi.org/10.1002/cphc.200900159
https://doi.org/10.1021/nn9004507
https://doi.org/10.1021/jp0644356
https://doi.org/10.1021/jp0644356
https://doi.org/10.1021/jp0644356
https://doi.org/10.1088/0957-4484/17/21/024
https://doi.org/10.1088/0957-4484/17/21/024
https://doi.org/10.1016/S0022-0248(02)01156-9
https://doi.org/10.1016/S0022-0248(02)01156-9
https://doi.org/10.1021/jz1007565
https://doi.org/10.1021/nn102980e
https://doi.org/10.1002/smll.201101819

86

Page 24 of 28

Nano-Micro Lett. (2019) 11:86

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

solar cells. ACS Nano 9(1), 908-915 (2015). https://doi.
org/10.1021/nn506638n

R. Xie, X. Zhong, T. Basché, Synthesis, characterization, and
spectroscopy of type-II core/shell semiconductor nanocrys-
tals with ZnTe cores. Adv. Mater. 17(22), 2741-2745 (2005).
https://doi.org/10.1002/adma.200501029

E. Groeneveld, L. Witteman, M. Lefferts, X. Ke, S. Bals, G.
Van Tendeloo, C. de Mello Donega, Tailoring ZnSe-CdSe
colloidal quantum dots via cation exchange: from core/shell
to alloy nanocrystals. ACS Nano 7(9), 7913-7930 (2013).
https://doi.org/10.1021/nn402931y

C.-T. Cheng, C.-Y. Chen, C.-W. Lai, W.-H. Liu, S.-C. Pu, P.-T.
Chou, Y.-H. Chou, H.-T. Chiu, Syntheses and photophysical
properties of type-1I CdSe/ZnTe/ZnS (core/shell/shell) quan-
tum dots. J. Mater. Chem. 15(33), 3409-3414 (2005). https://
doi.org/10.1039/B503681J

W. Zhang, G. Chen, J. Wang, B.-C. Ye, X. Zhong, Design and
synthesis of highly luminescent near-infrared-emitting water-
soluble CdTe/CdSe/ZnS core/shell/shell quantum dots. Inorg.
Chem. 48(20), 9723-9731 (2009). https://doi.org/10.1021/
ic9010949

Y.-S. Liu, Y. Sun, P.T. Vernier, C.-H. Liang, S.Y.C. Chong,
M.A. Gundersen, pH-sensitive photoluminescence of CdSe/
ZnSe/ZnS quantum dots in human ovarian cancer cells.
J. Phys. Chem. C 111(7), 2872-2878 (2007). https://doi.
org/10.1021/jp0654718

P. Reiss, M. Protiere, L. Li, Core/shell semiconductor
nanocrystals. Small 5(2), 154-168 (2009). https://doi.
org/10.1002/sml11.200800841

R. Ghosh Chaudhuri, S. Paria, Core/shell nanoparticles:
classes, properties, synthesis mechanisms, characterization,
and applications. Chem. Rev. 112(4), 2373-2433 (2011).
https://doi.org/10.1021/cr100449n

J.Y. Jang, A. Shapiro, M. Isarov, A. Rubin-Brusilovski, A.
Safran et al., Interface control of electronic and optical prop-
erties in IV=VI and II-VI core/shell colloidal quantum dots:
areview. Chem. Commun. 53(6), 1002-1024 (2017). https://
doi.org/10.1039/C6CCO08742F

Y. Cao, U. Banin, Growth and properties of semiconductor
core/shell nanocrystals with InAs cores. J. Am. Chem. Soc.
122(40), 9692-9702 (2000). https://doi.org/10.1021/ja001
386¢

D.V. Talapin, I. Mekis, S. Gotzinger, A. Kornowski, O. Ben-
son, H. Weller, CdSe/CdS/ZnS and CdSe/ZnSe/ZnS core-
shell-shell nanocrystals. J. Phys. Chem. B 108(49), 18826—
18831 (2004). https://doi.org/10.1021/jp046481g

J. Bleuse, S. Carayon, P. Reiss, Optical properties of core/
multishell CdSe/Zn (S, Se) nanocrystals. Physica E: Low
Dimen. Syst. Nanostruct. 21(2), 331-335 (2004). https://doi.
org/10.1016/j.physe.2003.11.044

L. Manna, E.C. Scher, L.-S. Li, A.P. Alivisatos, Epitaxial
growth and photochemical annealing of graded CdS/ZnS
shells on colloidal CdSe nanorods. J. Am. Chem. Soc.
124(24), 7136-7145 (2002). https://doi.org/10.1021/ja025
9461

© The authors

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

. Y. Sun, Interfaced heterogeneous nanodimers. Natl. Sci. Rev.

2(3), 329-348 (2015). https://doi.org/10.1093/nsr/nwv037

K.-W. Kwon, M. Shim, y-Fe,O,/I — VI sulfide nanocrystal
heterojunctions. J. Am. Chem. Soc. 127(29), 10269-10275
(2005). https://doi.org/10.1021/ja051713q

S. He, H. Zhang, S. Delikanli, Y. Qin, M.T. Swihart, H.
Zeng, Bifunctional magneto-optical FePt-CdS hybrid nano-
particles. J. Phys. Chem. C 113(1), 87-90 (2008). https://doi.
org/10.1021/jp806247f

D.V. Talapin, R. Koeppe, S. Gotzinger, A. Kornowski, J.M.
Lupton, A.L. Rogach, O. Benson, J. Feldmann, H. Weller,
Highly emissive colloidal CdSe/CdS heterostructures of
mixed dimensionality. Nano Lett. 3(12), 1677-1681 (2003).
https://doi.org/10.1021/n1034815s

D.V. Talapin, J.H. Nelson, E.V. Shevchenko, S. Aloni, B.
Sadtler, A.P. Alivisatos, Seeded growth of highly lumines-
cent CdSe/CdS nanoheterostructures with rod and tetrapod
morphologies. Nano Lett. 7(10), 2951-2959 (2007). https://
doi.org/10.1021/n1072003g

L. Carbone, C. Nobile, M. De Giorgi, F.D. Sala, G. Morello
et al., Synthesis and micrometer-scale assembly of colloidal
CdSe/CdS nanorods prepared by a seeded growth approach.
Nano Lett. 7(10), 2942-2950 (2007). https://doi.org/10.1021/
nl0717661

A. Fiore, R. Mastria, M.G. Lupo, G. Lanzani, C. Giannini
et al., Tetrapod-shaped colloidal nanocrystals of II-VI semi-
conductors prepared by seeded growth. J. Am. Chem. Soc.
131(6), 2274-2282 (2009). https://doi.org/10.1021/ja807874e
P. Peng, D.J. Milliron, S.M. Hughes, J.C. Johnson, A.P. Alivi-
satos, R.J. Saykally, Femtosecond spectroscopy of carrier
relaxation dynamics in type II CdSe/CdTe tetrapod hetero-
nanostructures. Nano Lett. 5(9), 1809-1813 (2005). https://
doi.org/10.1021/n10511667

H. Zhong, G.D. Scholes, Shape tuning of type II CdTe-CdSe
colloidal nanocrystal heterostructures through seeded growth.
J. Am. Chem. Soc. 131(26), 9170-9171 (2009). https://doi.
org/10.1021/ja903722d

S. Deka, K. Miszta, D. Dorfs, A. Genovese, G. Bertoni, L.
Manna, Octapod-shaped colloidal nanocrystals of cadmium
chalcogenides via “one-pot” cation exchange and seeded
growth. Nano Lett. 10(9), 3770-3776 (2010). https://doi.
org/10.1021/n1102539a

K.K. Haldar, N. Pradhan, A. Patra, Formation of heteroepi-
taxy in different shapes of Au-CdSe metal-semiconductor
hybrid nanostructures. Small 9(20), 3424-3432 (2013). https
://doi.org/10.1002/smll.201370125

D.-H. Ha, A.H. Caldwell, M.J. Ward, S. Honrao, K. Mathew
et al., Solid-solid phase transformations induced through cat-
ion exchange and strain in 2D heterostructured copper sulfide
nanocrystals. Nano Lett. 14(12), 7090-7099 (2014). https://
doi.org/10.1021/n15035607

G. Gariano, V. Lesnyak, R. Brescia, G. Bertoni, Z. Dang, R.
Gaspari, L. De Trizio, L. Manna, Role of the crystal struc-
ture in cation exchange reactions involving colloidal Cu,Se
nanocrystals. J. Am. Chem. Soc. 139(28), 9583-9590 (2017).
https://doi.org/10.1021/jacs.7b03706

https://doi.org/10.1007/s40820-019-0317-6


https://doi.org/10.1021/nn506638n
https://doi.org/10.1021/nn506638n
https://doi.org/10.1002/adma.200501029
https://doi.org/10.1021/nn402931y
https://doi.org/10.1039/B503681J
https://doi.org/10.1039/B503681J
https://doi.org/10.1021/ic9010949
https://doi.org/10.1021/ic9010949
https://doi.org/10.1021/jp0654718
https://doi.org/10.1021/jp0654718
https://doi.org/10.1002/smll.200800841
https://doi.org/10.1002/smll.200800841
https://doi.org/10.1021/cr100449n
https://doi.org/10.1039/C6CC08742F
https://doi.org/10.1039/C6CC08742F
https://doi.org/10.1021/ja001386g
https://doi.org/10.1021/ja001386g
https://doi.org/10.1021/jp046481g
https://doi.org/10.1016/j.physe.2003.11.044
https://doi.org/10.1016/j.physe.2003.11.044
https://doi.org/10.1021/ja025946i
https://doi.org/10.1021/ja025946i
https://doi.org/10.1093/nsr/nwv037
https://doi.org/10.1021/ja051713q
https://doi.org/10.1021/jp806247f
https://doi.org/10.1021/jp806247f
https://doi.org/10.1021/nl034815s
https://doi.org/10.1021/nl072003g
https://doi.org/10.1021/nl072003g
https://doi.org/10.1021/nl0717661
https://doi.org/10.1021/nl0717661
https://doi.org/10.1021/ja807874e
https://doi.org/10.1021/nl0511667
https://doi.org/10.1021/nl0511667
https://doi.org/10.1021/ja903722d
https://doi.org/10.1021/ja903722d
https://doi.org/10.1021/nl102539a
https://doi.org/10.1021/nl102539a
https://doi.org/10.1002/smll.201370125
https://doi.org/10.1002/smll.201370125
https://doi.org/10.1021/nl5035607
https://doi.org/10.1021/nl5035607
https://doi.org/10.1021/jacs.7b03706

Nano-Micro Lett. (2019) 11:86

Page 25 of 28 86

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

J. Zhang, B.D. Chernomordik, R.W. Crisp, D.M. Kroupa,
J.M. Luther, E.M. Miller, J. Gao, M.C. Beard, Preparation
of Cd/Pb chalcogenide heterostructured janus particles via
controllable cation exchange. ACS Nano 9(7), 7151-7163
(2015). https://doi.org/10.1021/acsnano.5b01859

S. Kudera, L. Carbone, M.F. Casula, R. Cingolani, A. Falqui,
E. Snoeck, W.J. Parak, L. Manna, Selective growth of PbSe
on one or both tips of colloidal semiconductor nanorods.
Nano Lett. 5(3), 445-449 (2005). https://doi.org/10.1021/
nl048060g

M. Casavola, V. Grillo, E. Carlino, C. Giannini, F. Gozzo
et al., Topologically controlled growth of magnetic-metal-
functionalized semiconductor oxide nanorods. Nano Lett.
7(5), 1386-1395 (2007). https://doi.org/10.1021/n1070550w

T. Mokari, U. Banin, Synthesis and properties of CdSe/
ZnS core/shell nanorods. Chem. Mater. 15(20), 3955-3960
(2003). https://doi.org/10.1021/cm034173+

F. Shieh, A.E. Saunders, B.A. Korgel, General shape control
of colloidal CdS, CdSe, CdTe quantum rods and quantum
rod heterostructures. J. Phys. Chem. B 109(18), 8538-8542
(2005). https://doi.org/10.1021/jp0509008

S. Kumar, M. Jones, S.S. Lo, G.D. Scholes, Nanorod hetero-
structures showing photoinduced charge separation. Small
3(9), 1633-1639 (2007). https://doi.org/10.1002/smll.20070
0155

H. McDaniel, N. Oh, M. Shim, CdSe-CdSe,Te,_, nanorod
heterostructures: tuning alloy composition and spatially
indirect recombination energies. J. Mater. Chem. 22(23),
11621-11628 (2012). https://doi.org/10.1039/C2IM31464 A
B. Sadtler, D.O. Demchenko, H. Zheng, S.M. Hughes, M.G.
Merkle, U. Dahmen, L.-W. Wang, A.P. Alivisatos, Selective
facet reactivity during cation exchange in cadmium sulfide
nanorods. J. Am. Chem. Soc. 131(14), 5285-5293 (2009).
https://doi.org/10.1021/ja809854q

D. Lee, W.D. Kim, S. Lee, W.K. Bae, S. Lee, D.C. Lee, Direct
Cd-to-Pb exchange of CdSe nanorods into PbSe/CdSe axial
heterojunction nanorods. Chem. Mater. 27(15), 5295-5304
(2015). https://doi.org/10.1021/acs.chemmater.5b01548

R.D. Robinson, B. Sadtler, D.O. Demchenko, C.K. Erdon-
mez, L.-W. Wang, A.P. Alivisatos, Spontaneous superlattice
formation in nanorods through partial cation exchange. Sci-
ence 317(5836), 355-358 (2007). https://doi.org/10.1126/
science. 1142593

W. Wang, J. Goebl, L. He, S. Aloni, Y. Hu, L. Zhen, Y. Yin,
Epitaxial growth of shape-controlled Bi,Te;-Te heteroge-
neous nanostructures. J. Am. Chem. Soc. 132(48), 17316
17324 (2010). https://doi.org/10.1021/ja108186w

L. Cheng, Z.-G. Chen, L. Yang, G. Han, H.-Y. Xu, G.J. Sny-
der, G.-Q. Lu, J. Zou, T-shaped Bi,Te;-Te heteronanojunc-
tions: epitaxial growth, structural modeling, and thermo-
electric properties. J. Phys. Chem. C 117(24), 12458-12464
(2013). https://doi.org/10.1021/jp4041666

W. Lu, Y. Ding, Y. Chen, Z.L. Wang, J. Fang, Bismuth tel-
luride hexagonal nanoplatelets and their two-step epitaxial
growth. J. Am. Chem. Soc. 127(28), 10112-10116 (2005).
https://doi.org/10.1021/ja052286j

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

104

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

. G. Zhang, H. Fang, H. Yang, L.A. Jauregui, Y.P. Chen, Y.
Wu, Design principle of telluride-based nanowire hetero-
structures for potential thermoelectric applications. Nano
Lett. 12(7), 3627-3633 (2012). https://doi.org/10.1021/n1301
327d

M. Chhowalla, H.S. Shin, G. Eda, L.-J. Li, K.P. Loh, H.
Zhang, The chemistry of two-dimensional layered transition
metal dichalcogenide nanosheets. Nat. Chem. 5(4), 263-275
(2013). https://doi.org/10.1038/nchem.1589

C. Tan, X. Cao, X.-J. Wu, Q. He, J. Yang et al., Recent
advances in ultrathin two-dimensional nanomaterials. Chem.
Rev. 117(9), 6225-6331 (2017). https://doi.org/10.1021/acs.
chemrev.6b00558

M. Chhowalla, Z. Liu, H. Zhang, Two-dimensional transition
metal dichalcogenide (TMD) nanosheets. Chem. Soc. Rev.
44(9), 2584-2586 (2015). https://doi.org/10.1039/C5CS9
0037A

C. Tan, H. Zhang, Epitaxial growth of hetero-nanostructures
based on ultrathin two-dimensional nanosheets. J. Am. Chem.
Soc. 137(38), 12162-12174 (2015). https://doi.org/10.1021/
jacs.5b03590

A.K. Geim, L.V. Grigorieva, Van der Waals heterostructures.
Nature 499(7459), 419-425 (2013). https://doi.org/10.1038/
nature12385

J. Schornbaum, B. Winter, S.P. Schief3l, F. Gannott, G. Kat-
sukis, D.M. Guldi, E. Spiecker, J. Zaumseil, Epitaxial growth
of PbSe quantum dots on MoS, nanosheets and their near-
infrared photoresponse. Adv. Funct. Mater. 24(37), 5798—
5806 (2014). https://doi.org/10.1002/adfm.201400330

C. Tan, Z. Zeng, X. Huang, X. Rui, X.J. Wu et al., Liquid-
Phase Epitaxial Growth of Two-Dimensional Semiconductor
Hetero-nanostructures. Angew. Chem. Int. Ed. 54(6), 1841—
1845 (2015). https://doi.org/10.1002/anie.201410890

X. Duan, C. Wang, J.C. Shaw, R. Cheng, Y. Chen et al., Lat-
eral epitaxial growth of two-dimensional layered semicon-
ductor heterojunctions. Nat. Nanotechnol. 9(12), 1024-1030
(2014). https://doi.org/10.1038/nnano0.2014.222

Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei et al., Vertical and
in-plane heterostructures from WS,/MoS, monolayers. Nat.
Mater. 13(12), 1135-1142 (2014). https://doi.org/10.1038/
nmat4091

H. Heo, J.H. Sung, G. Jin, J.H. Ahn, K. Kim et al., Rotation-
misfit-free heteroepitaxial stacking and stitching growth of
hexagonal transition-metal dichalcogenide monolayers by
nucleation kinetics controls. Adv. Mater. 27(25), 3803-3810
(2015). https://doi.org/10.1002/adma.201500846

M.-Y. Li, Y. Shi, C.-C. Cheng, L.-S. Lu, Y.-C. Lin et al., Epi-
taxial growth of a monolayer WSe,-MoS, lateral pn junc-
tion with an atomically sharp interface. Science 349(6247),
524-528 (2015). https://doi.org/10.1126/science.aab4097
C. Huang, S. Wu, A.M. Sanchez, J.J. Peters, R. Beanland
et al., Lateral heterojunctions within monolayer MoSe,-WSe,
semiconductors. Nat. Mater. 13(12), 1096-1101 (2014). https
://doi.org/10.1038/nmat4064

J. Chen, X.-J. Wu, Y. Gong, Y. Zhu, Z. Yang et al., Edge
epitaxy of two-dimensional MoSe, and MoS, nanosheets

@ Springer


https://doi.org/10.1021/acsnano.5b01859
https://doi.org/10.1021/nl048060g
https://doi.org/10.1021/nl048060g
https://doi.org/10.1021/nl070550w
https://doi.org/10.1021/cm034173+
https://doi.org/10.1021/jp0509008
https://doi.org/10.1002/smll.200700155
https://doi.org/10.1002/smll.200700155
https://doi.org/10.1039/C2JM31464A
https://doi.org/10.1021/ja809854q
https://doi.org/10.1021/acs.chemmater.5b01548
https://doi.org/10.1126/science.1142593
https://doi.org/10.1126/science.1142593
https://doi.org/10.1021/ja108186w
https://doi.org/10.1021/jp4041666
https://doi.org/10.1021/ja052286j
https://doi.org/10.1021/nl301327d
https://doi.org/10.1021/nl301327d
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1021/acs.chemrev.6b00558
https://doi.org/10.1021/acs.chemrev.6b00558
https://doi.org/10.1039/C5CS90037A
https://doi.org/10.1039/C5CS90037A
https://doi.org/10.1021/jacs.5b03590
https://doi.org/10.1021/jacs.5b03590
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1002/adfm.201400330
https://doi.org/10.1002/anie.201410890
https://doi.org/10.1038/nnano.2014.222
https://doi.org/10.1038/nmat4091
https://doi.org/10.1038/nmat4091
https://doi.org/10.1002/adma.201500846
https://doi.org/10.1126/science.aab4097
https://doi.org/10.1038/nmat4064
https://doi.org/10.1038/nmat4064

86

Page 26 of 28

Nano-Micro Lett. (2019) 11:86

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

on one-dimensional nanowires. J. Am. Chem. Soc. 139(25),
8653-8660 (2017). https://doi.org/10.1021/jacs. 7603752

J. Ping, Z. Fan, M. Sindoro, Y. Ying, H. Zhang, Recent
advances in sensing applications of two-dimensional tran-
sition metal dichalcogenide nanosheets and their compos-
ites. Adv. Funct. Mater. 27(19), 1605817 (2017). https://doi.
org/10.1002/adfm.201605817

Y. Hu, Y. Huang, C. Tan, X. Zhang, Q. Lu et al., Two-
dimensional transition metal dichalcogenide nanomaterials
for biosensing applications. Mater. Chem. Front. 1(1), 24-36
(2017). https://doi.org/10.1039/C6QMO0195E

Q. Lu, Y. Yu, Q. Ma, B. Chen, H. Zhang, 2D Transition-
metal-dichalcogenide-nanosheet-based composites for pho-
tocatalytic and electrocatalytic hydrogen evolution reac-
tions. Adv. Mater. 28(10), 1917-1933 (2016). https://doi.
org/10.1002/adma.201503270

C. Tan, H. Zhang, Two-dimensional transition metal dichal-
cogenide nanosheet-based composites. Chem. Soc. Rev.
44(9), 2713-2731 (2015). https://doi.org/10.1039/C4CS0
0182F

X. Zhang, Z. Lai, Z. Liu, C. Tan, Y. Huang et al., A facile and
universal top-down method for preparation of monodisperse
transition-metal dichalcogenide nanodots. Angew. Chem.
Int. Ed. 54(18), 5425-5428 (2015). https://doi.org/10.1002/
anie.201501071

Y. Zhang, B. Zheng, C. Zhu, X. Zhang, C. Tan et al., Sin-
gle-layer transition metal dichalcogenide nanosheet-based
nanosensors for rapid, sensitive, and multiplexed detection
of DNA. Adv. Mater. 27(5), 935-939 (2015). https://doi.
org/10.1002/adma.201404568

X. Hong, J. Liu, B. Zheng, X. Huang, X. Zhang et al., A
universal method for preparation of noble metal nanoparticle-
decorated transition metal dichalcogenide nanobelts. Adv.
Mater. 26(36), 6250-6254 (2014). https://doi.org/10.1002/
adma.201402063

C. Tan, X. Qi, X. Huang, J. Yang, B. Zheng et al., Single-layer
transition metal dichalcogenide nanosheet-assisted assembly
of aggregation-induced emission molecules to form organic
nanosheets with enhanced fluorescence. Adv. Mater. 26(11),
1735-1739 (2014). https://doi.org/10.1002/adma.201304562

E. Lhuillier, S. Pedetti, S. Ithurria, B. Nadal, H. Heuclin,
B. Dubertret, Two-dimensional colloidal metal chalcoge-
nides semiconductors: synthesis, spectroscopy, and appli-
cations. Acc. Chem. Res. 48(1), 22-30 (2015). https://doi.
org/10.1021/ar500326¢

Y. Du, Z. Yin, J. Zhu, X. Huang, X.-J. Wu, Z. Zeng, Q. Yan,
H. Zhang, A general method for the large-scale synthesis of
uniform ultrathin metal sulphide nanocrystals. Nat. Commun.
3, 1177-1177 (2012). https://doi.org/10.1038/ncomms2181

H. Li, Y. Li, A. Aljarb, Y. Shi, L.-J. Li, Epitaxial growth of
two-dimensional layered transition-metal dichalcogenides:
growth mechanism, controllability, and scalability. Chem.
Rev. 118(13), 6134-6150 (2018). https://doi.org/10.1021/
acs.chemrev.7b00212

© The authors

129

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

. A. Koma, Van der Waals epitaxy for highly lattice-mis-
matched systems. J. Cryst. Growth 201, 236-241 (1999).
https://doi.org/10.1016/S0022-0248(98)01329-3

L.A. Walsh, C.L. Hinkle, van der Waals epitaxy: 2D mate-
rials and topological insulators. Appl. Mater. Today 9,
504-515 (2017). https://doi.org/10.15124/5804ac81-b49b-
46ce-aea8-73d47a9192cb

X. Huang, Z. Zeng, S. Bao, M. Wang, X. Qi, Z. Fan, H.
Zhang, Solution-phase epitaxial growth of noble metal
nanostructures on dispersible single-layer molybdenum
disulfide nanosheets. Nat. Commun. 4, 1444 (2013). https
://doi.org/10.1038/ncomms2472

Q.A. Akkerman, G. Raino, M.V. Kovalenko, L. Manna,
Genesis, challenges and opportunities for colloidal lead
halide perovskite nanocrystals. Nat. Mater. 17, 394-405
(2018). https://doi.org/10.1038/s41563-018-0018-4

M.C. Weidman, A.J. Goodman, W.A. Tisdale, Colloidal
halide perovskite nanoplatelets: an exciting new class of
semiconductor nanomaterials. Chem. Mater. 29(12), 5019—
5030 (2017). https://doi.org/10.1021/acs.chemmater.7b013
84

M.V. Kovalenko, L. Protesescu, M.I. Bodnarchuk, Proper-
ties and potential optoelectronic applications of lead halide
perovskite nanocrystals. Science 358(6364), 745-750 (2017).
https://doi.org/10.1126/science.aam7093

G. Tang, P. You, Q. Tai, A. Yang, J. Cao et al., Solution-phase
epitaxial growth of perovskite films on 2D material flakes for
high-performance solar cells. Adv. Mater. 31(24), 1807689
(2019). https://doi.org/10.1002/adma.201807689

J. Lu, A. Carvalho, H. Liu, S.X. Lim, A.H. Castro Neto, C.H.
Sow, Hybrid bilayer WSe,-CH;NH;Pbl; organolead halide
perovskite as a high-performance photodetector. Angew.
Chem. Int. Ed. 128(39), 12124-12128 (2016). https://doi.
org/10.1002/anie.201603557

C. Ma, Y. Shi, W. Hu, M.H. Chiu, Z. Liu et al., Hetero-
structured WS,/CH;NH;Pbl; photoconductors with sup-
pressed dark current and enhanced photodetectivity. Adv.
Mater. 28(19), 3683-3689 (2016). https://doi.org/10.1002/
adma.201600069

Z. Zhang, F. Sun, Z. Zhu, J. Dai, K. Gao et al., Uncon-
ventional solution-phase epitaxial growth of organic-
inorganic hybrid perovskite nanocrystals on metal sulfide
nanosheets. Sci. China Mater. 62(1), 43-53 (2019). https://
doi.org/10.1007/s40843-018-9274-y

A. Koma, Van der Waals epitaxy-a new epitaxial growth
method for a highly lattice-mismatched system. Thin Solid
Films 216(1), 72-76 (1992). https://doi.org/10.1016/0040-
6090(92)90872-9

X. Xu, H. Li, H. Yang, W. Xiang, G. Zhou, Y. Wu, X.
Wang, Colloidal 2D-0D lateral nanoheterostructures: a case
study of site-selective growth of CdS nanodots onto Bi,Se;
nanosheets. Nano Lett. 15(6), 4200—4205 (2015). https://doi.
org/10.1021/acs.nanolett.5b01464

X.-J. Wu, J. Chen, C. Tan, Y. Zhu, Y. Han, H. Zhang,
Controlled growth of high-density CdS and CdSe
nanorod arrays on selective facets of two-dimensional

https://doi.org/10.1007/s40820-019-0317-6


https://doi.org/10.1021/jacs.7b03752
https://doi.org/10.1002/adfm.201605817
https://doi.org/10.1002/adfm.201605817
https://doi.org/10.1039/C6QM00195E
https://doi.org/10.1002/adma.201503270
https://doi.org/10.1002/adma.201503270
https://doi.org/10.1039/C4CS00182F
https://doi.org/10.1039/C4CS00182F
https://doi.org/10.1002/anie.201501071
https://doi.org/10.1002/anie.201501071
https://doi.org/10.1002/adma.201404568
https://doi.org/10.1002/adma.201404568
https://doi.org/10.1002/adma.201402063
https://doi.org/10.1002/adma.201402063
https://doi.org/10.1002/adma.201304562
https://doi.org/10.1021/ar500326c
https://doi.org/10.1021/ar500326c
https://doi.org/10.1038/ncomms2181
https://doi.org/10.1021/acs.chemrev.7b00212
https://doi.org/10.1021/acs.chemrev.7b00212
https://doi.org/10.1016/S0022-0248(98)01329-3
https://doi.org/10.15124/5804ac81-b49b-46ce-aea8-73d47a9192cb
https://doi.org/10.15124/5804ac81-b49b-46ce-aea8-73d47a9192cb
https://doi.org/10.1038/ncomms2472
https://doi.org/10.1038/ncomms2472
https://doi.org/10.1038/s41563-018-0018-4
https://doi.org/10.1021/acs.chemmater.7b01384
https://doi.org/10.1021/acs.chemmater.7b01384
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1002/adma.201807689
https://doi.org/10.1002/anie.201603557
https://doi.org/10.1002/anie.201603557
https://doi.org/10.1002/adma.201600069
https://doi.org/10.1002/adma.201600069
https://doi.org/10.1007/s40843-018-9274-y
https://doi.org/10.1007/s40843-018-9274-y
https://doi.org/10.1016/0040-6090(92)90872-9
https://doi.org/10.1016/0040-6090(92)90872-9
https://doi.org/10.1021/acs.nanolett.5b01464
https://doi.org/10.1021/acs.nanolett.5b01464

Nano-Micro Lett. (2019) 11:86

Page 27 of 28 86

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

semiconductor nanoplates. Nat. Chem. 8(5), 470-475
(2016). https://doi.org/10.1038/nchem.2473

L. De Trizio, F. De Donato, A. Casu, A. Genovese, A.
Falqui, M. Povia, L. Manna, Colloidal CdSe/Cu;P/CdSe
nanocrystal heterostructures and their evolution upon ther-
mal annealing. ACS Nano 7(5), 39974005 (2013). https://
doi.org/10.1021/nn3060219

A. Forticaux, S. Hacialioglu, J.P. DeGrave, R. Dziedzic, S.
Jin, Three-dimensional mesoscale heterostructures of ZnO
nanowire arrays epitaxially grown on CuGaO, nanoplates
as individual diodes. ACS Nano 7(9), 8224-8232 (2013).
https://doi.org/10.1021/n1n4037078

K. Novoselov, A. Mishchenko, A. Carvalho, A.C. Neto,
2D materials and van der Waals heterostructures. Science
353(6298), aac9439 (2016). https://doi.org/10.1126/scien
ce.aac9439

X. Wang, Z. Wang, J. Zhang, X. Wang, Z. Zhang et al.,
Realization of vertical metal semiconductor heterostruc-
tures via solution phase epitaxy. Nat. Commun. 9(1), 3611
(2018). https://doi.org/10.1038/s41467-018-06053-z

B. Mahler, B. Nadal, C. Bouet, G. Patriarche, B. Duber-
tret, Core/shell colloidal semiconductor nanoplatelets. J.
Am. Chem. Soc. 134(45), 18591-18598 (2012). https://doi.
org/10.1021/ja307944d

S. Ithurria, D.V. Talapin, Colloidal atomic layer deposition
(c-ALD) using self-limiting reactions at nanocrystal sur-
face coupled to phase transfer between polar and nonpolar
media. J. Am. Chem. Soc. 134(45), 18585-18590 (2012).
https://doi.org/10.1021/ja308088d

M. Tessier, B. Mahler, B. Nadal, H. Heuclin, S. Pedetti, B.
Dubertret, Spectroscopy of colloidal semiconductor core/
shell nanoplatelets with high quantum yield. Nano Lett.
13(7), 3321-3328 (2013). https://doi.org/10.1021/n1401538n
C. She, I. Fedin, D.S. Dolzhnikov, P.D. Dahlberg, G.S. Engel
et al., Red, yellow, green, and blue amplified spontaneous
emission and lasing using colloidal CdSe nanoplatelets. ACS
Nano 9(10), 9475-9485 (2015). https://doi.org/10.1021/acsna
n0.5b02509

A. Polovitsyn, Z. Dang, J.L.. Movilla Rosell, B. Martin
Garcia, A.H. Khan, G.H. Bertrand, R. Brescia, I. Moreels,
Synthesis of air-stable CdSe/ZnS core—shell nanoplatelets
with tunable emission wavelength. Chem. Mater. 29(13),
5671-5680 (2017). https://doi.org/10.1021/acs.chemm
ater.7b01513

A. Prudnikau, A. Chuvilin, M. Artemyev, CdSe-CdS nano-
heteroplatelets with efficient photoexcitation of central cdse
region through epitaxially grown CdS wings. J. Am. Chem.
Soc. 135(39), 14476-14479 (2013). https://doi.org/10.1021/
ja401737z

S. Coe, W.-K. Woo, M. Bawendi, V. Bulovié, Electrolumines-
cence from single monolayers of nanocrystals in molecular
organic devices. Nature 420(6917), 800-803 (2002). https://
doi.org/10.1038/nature01217

A.H. Mueller, M.A. Petruska, M. Achermann, D.J. Werder,
E.A. Akhadov et al., Multicolor light-emitting diodes based
on semiconductor nanocrystals encapsulated in GaN charge

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

injection layers. Nano Lett. 5(6), 1039-1044 (2005). https://
doi.org/10.1021/n1050384x

N. Oh, B.H. Kim, S.-Y. Cho, S. Nam, S.P. Rogers et al., Dou-
ble-heterojunction nanorod light-responsive LEDs for display
applications. Science 355(6325), 616—619 (2017). https://doi.
org/10.1126/science.aal2038

M. Shim, Colloidal nanorod heterostructures for photovol-
taics and optoelectronics. J. Phys. D Appl. Phys. 50(17),
173002 (2017). https://doi.org/10.1088/1361-6463/aa65a5

A.G. Pattantyus-Abraham, I.J. Kramer, A.R. Barkhouse, X.
Wang, G. Konstantatos et al., Depleted-heterojunction col-
loidal quantum dot solar cells. ACS Nano 4(6), 3374-3380
(2010). https://doi.org/10.1021/nn100335¢

S. Lee, J.C. Flanagan, J. Kang, J. Kim, M. Shim, B. Park,
Integration of CdSe/CdSe,Te, , type-II heterojunction
nanorods into hierarchically porous TiO, electrode for effi-
cient solar energy conversion. Sci. Rep. 5, 17472 (2015).
https://doi.org/10.1038/srep17472

I.L. Medintz, H.T. Uyeda, E.R. Goldman, H. Mattoussi,
Quantum dot bioconjugates for imaging, labelling and
sensing. Nat. Mater. 4(6), 435-446 (2005). https://doi.
org/10.1038/nmat1390

X. Dai, Z. Zhang, Y. Jin, Y. Niu, H. Cao et al., Solution-
processed, high-performance light-emitting diodes based on
quantum dots. Nature 515(7525), 96-99 (2014). https://doi.
org/10.1038/nature13829

V. Wood, V. Bulovié, Colloidal quantum dot light-emit-
ting devices. Nano Rev. 1(1), 5202 (2010). https://doi.
org/10.3402/nano.v1i0.5202

P.O. Anikeeva, J.E. Halpert, M.G. Bawendi, V. Bulovic,
Quantum dot light-emitting devices with electrolumines-
cence tunable over the entire visible spectrum. Nano Lett.
9(7), 2532-2536 (2009). https://doi.org/10.1021/n19002969

M. Liu, Y. Chen, C.-S. Tan, R. Quintero-Bermudez, A.H.
Proppe et al., Lattice anchoring stabilizes solution-processed
semiconductors. Nature 570(7759), 96-101 (2019). https://
doi.org/10.1038/s41586-019-1239-7

C. Pu, X. Peng, To battle surface traps on CdSe/CdS core/
shell nanocrystals: shell isolation versus surface treatment.
J. Am. Chem. Soc. 138(26), 8134-8142 (2016). https://doi.
org/10.1021/jacs.6b02909

R.A. Hikmet, P.T. Chin, D.V. Talapin, H. Weller, Polarized-
light-emitting quantum-rod diodes. Adv. Mater. 17(11),
14361439 (2005). https://doi.org/10.1002/adma.200401763

A. Castelli, F. Meinardi, M. Pasini, F. Galeotti, V. Pinchetti
et al., High-efficiency all-solution-processed light-emitting
diodes based on anisotropic colloidal heterostructures with
polar polymer injecting layers. Nano Lett. 15(8), 5455-5464
(2015). https://doi.org/10.1021/acs.nanolett.5b01849

S. Nam, N. Oh, Y. Zhai, M. Shim, High efficiency and opti-
cal anisotropy in double-heterojunction nanorod light-emit-
ting diodes. ACS Nano 9(1), 878-885 (2015). https://doi.
org/10.1021/nn506577p

Y. Jiang, N. Oh, M. Shim, Double-heterojunction nanorod
light-emitting diodes with high efficiencies at high brightness

@ Springer


https://doi.org/10.1038/nchem.2473
https://doi.org/10.1021/nn3060219
https://doi.org/10.1021/nn3060219
https://doi.org/10.1021/nn4037078
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1038/s41467-018-06053-z
https://doi.org/10.1021/ja307944d
https://doi.org/10.1021/ja307944d
https://doi.org/10.1021/ja308088d
https://doi.org/10.1021/nl401538n
https://doi.org/10.1021/acsnano.5b02509
https://doi.org/10.1021/acsnano.5b02509
https://doi.org/10.1021/acs.chemmater.7b01513
https://doi.org/10.1021/acs.chemmater.7b01513
https://doi.org/10.1021/ja401737z
https://doi.org/10.1021/ja401737z
https://doi.org/10.1038/nature01217
https://doi.org/10.1038/nature01217
https://doi.org/10.1021/nl050384x
https://doi.org/10.1021/nl050384x
https://doi.org/10.1126/science.aal2038
https://doi.org/10.1126/science.aal2038
https://doi.org/10.1088/1361-6463/aa65a5
https://doi.org/10.1021/nn100335g
https://doi.org/10.1038/srep17472
https://doi.org/10.1038/nmat1390
https://doi.org/10.1038/nmat1390
https://doi.org/10.1038/nature13829
https://doi.org/10.1038/nature13829
https://doi.org/10.3402/nano.v1i0.5202
https://doi.org/10.3402/nano.v1i0.5202
https://doi.org/10.1021/nl9002969
https://doi.org/10.1038/s41586-019-1239-7
https://doi.org/10.1038/s41586-019-1239-7
https://doi.org/10.1021/jacs.6b02909
https://doi.org/10.1021/jacs.6b02909
https://doi.org/10.1002/adma.200401763
https://doi.org/10.1021/acs.nanolett.5b01849
https://doi.org/10.1021/nn506577p
https://doi.org/10.1021/nn506577p

86

Page 28 of 28

Nano-Micro Lett. (2019) 11:86

168.

169.

170.

171.

172.

173.

174.

175.

176.

using self-assembled monolayers. ACS Photonics 3(10),
1862-1868 (2016). https://doi.org/10.1021/acsphotoni
¢s.6b00371

R.S. Selinsky, Q. Ding, S.M.J.C. Faber, S.Jin Wright, Quan-
tum dot nanoscale heterostructures for solar energy conver-
sion. Chem. Soc. Rev. 42(7), 2963-2985 (2013). https://doi.
org/10.1039/C2CS35374A

Z.Yin, J. Zhu, Q. He, X. Cao, C. Tan et al., Graphene-based
materials for solar cell applications. Adv. Energy Mater. 4(1),
1300574 (2014). https://doi.org/10.1002/aenm.201300574

C.-H. Chuang, S.S. Lo, G.D. Scholes, C. Burda, Charge sepa-
ration and recombination in CdTe/CdSe core/shell nanocrys-
tals as a function of shell coverage: probing the onset of the
quasi type-II regime. J. Phys. Chem. Lett. 1(17), 2530-2535
(2010). https://doi.org/10.1021/jz1008399

H. McDaniel, M. Pelton, N. Oh, M. Shim, Effects of lattice
strain and band offset on electron transfer rates in type-II
nanorod heterostructures. J. Phys. Chem. Lett. 3(9), 1094—
1098 (2012). https://doi.org/10.1021/jz300275f

K. Wu, Q. Li, Y. Jia, J.R. McBride, Z.-X. Xie, T. Lian, Effi-
cient and ultrafast formation of long-lived charge-transfer
exciton state in atomically thin cadmium selenide/cadmium
telluride type-II heteronanosheets. ACS Nano 9(1), 961-968
(2015). https://doi.org/10.1021/nn506796m

H. McDaniel, P.E. Heil, C.-L. Tsai, K. Kim, M. Shim, Inte-
gration of type Il nanorod heterostructures into photovoltaics.
ACS Nano 5(9), 7677-7683 (2011). https://doi.org/10.1021/
nn2029988

K.P. Acharya, E. Khon, T. O’Conner, I. Nemitz, A. Klinkova,
R.S. Khnayzer, P. Anzenbacher, M. Zamkov, Heteroepitaxial
growth of colloidal nanocrystals onto substrate films via hot-
injection routes. ACS Nano 5(6), 4953-4964 (2011). https://
doi.org/10.1021/nn201064n

S.Y. Leblebici, L. Leppert, Y. Li, S.E. Reyes-Lillo, S. Wick-
enburg et al., Facet-dependent photovoltaic efficiency varia-
tions in single grains of hybrid halide perovskite. Nat. Energy
1(8), 16093 (2016). https://doi.org/10.1038/nenergy.2016.93
L. Amirav, A.P. Alivisatos, Photocatalytic hydrogen produc-
tion with tunable nanorod heterostructures. J. Phys. Chem.

© The authors

177.

178.

179.

180.

181.

182.

183.

184.

185.

Lett. 1(7), 1051-1054 (2010). https://doi.org/10.1021/jz100
075c¢

N. Razgoniaeva, P. Moroz, S. Lambright, M. Zamkov, Photo-
catalytic applications of colloidal heterostructured nanocrys-
tals: what’s next? J. Phys. Chem. Lett. 6(21), 4352-4359
(2015). https://doi.org/10.1021/acs.jpclett.5b01883

H. Alam, S. Ramakrishna, A review on the enhancement of
figure of merit from bulk to nano-thermoelectric materials.
Nano Energy 2(2), 190-212 (2013). https://doi.org/10.1016/j.
nanoen.2012.10.005

R. Venkatasubramanian, E. Siivola, T. Colpitts, B. O’quinn,
Thin-film thermoelectric devices with high room-temperature
figures of merit. Nature 413(6856), 597-602 (2001). https://
doi.org/10.1142/9789814317665_0019

B. Yoo, F. Xiao, K.N. Bozhilov, J. Herman, M.A. Ryan, N.V.
Myung, Electrodeposition of thermoelectric superlattice
nanowires. Adv. Mater. 19(2), 296-299 (2007). https://doi.
org/10.1002/adma.200600606

G. Zhang, H. Fang, H. Yang, L.A. Jauregui, Y.P. Chen, Y.
Wu, Design principle of telluride-based nanowire hetero-
structures for potential thermoelectric applications. Nano
Lett. 12(7), 3627-3633 (2012). https://doi.org/10.1021/n1301
327d

A. Sitt, A. Salant, G. Menagen, U. Banin, Highly emissive
nano rod-in-rod heterostructures with strong linear polari-
zation. Nano Lett. 11(5), 2054-2060 (2011). https://doi.
org/10.1021/n1200519b

S. Hu, C. Liang, K. Tiong, Y. Lee, Y. Huang, Preparation
and characterization of large niobium-doped MoSe, single
crystals. J. Cryst. Growth 285(3), 408—414 (2005). https://
doi.org/10.1016/j.jcrysgro.2005.08.054

B. Mahler, P. Spinicelli, S. Buil, X. Quelin, J.-P. Hermier, B.
Dubertret, Towards non-blinking colloidal quantum dots. Nat.
Mater. 7(8), 659-664 (2008). https://doi.org/10.1038/nmat2
222

Y. Chen, J. Vela, H. Htoon, J.L. Casson, D.J. Werder et al.,
“Giant” multishell CdSe nanocrystal quantum dots with sup-
pressed blinking. J. Am. Chem. Soc. 130(15), 5026-5027
(2008). https://doi.org/10.1021/ja711379%k

https://doi.org/10.1007/s40820-019-0317-6


https://doi.org/10.1021/acsphotonics.6b00371
https://doi.org/10.1021/acsphotonics.6b00371
https://doi.org/10.1039/C2CS35374A
https://doi.org/10.1039/C2CS35374A
https://doi.org/10.1002/aenm.201300574
https://doi.org/10.1021/jz1008399
https://doi.org/10.1021/jz300275f
https://doi.org/10.1021/nn506796m
https://doi.org/10.1021/nn2029988
https://doi.org/10.1021/nn2029988
https://doi.org/10.1021/nn201064n
https://doi.org/10.1021/nn201064n
https://doi.org/10.1038/nenergy.2016.93
https://doi.org/10.1021/jz100075c
https://doi.org/10.1021/jz100075c
https://doi.org/10.1021/acs.jpclett.5b01883
https://doi.org/10.1016/j.nanoen.2012.10.005
https://doi.org/10.1016/j.nanoen.2012.10.005
https://doi.org/10.1142/9789814317665_0019
https://doi.org/10.1142/9789814317665_0019
https://doi.org/10.1002/adma.200600606
https://doi.org/10.1002/adma.200600606
https://doi.org/10.1021/nl301327d
https://doi.org/10.1021/nl301327d
https://doi.org/10.1021/nl200519b
https://doi.org/10.1021/nl200519b
https://doi.org/10.1016/j.jcrysgro.2005.08.054
https://doi.org/10.1016/j.jcrysgro.2005.08.054
https://doi.org/10.1038/nmat2222
https://doi.org/10.1038/nmat2222
https://doi.org/10.1021/ja711379k

	Wet-Chemical Synthesis and Applications of Semiconductor Nanomaterial-Based Epitaxial Heterostructures
	Highlights
	Abstract 

	1 Introduction
	2 Synthesis Methods
	2.1 Solution Epitaxial Growth
	2.1.1 Epitaxial Growth Modes
	2.1.2 Synthesis Strategies
	2.1.2.1 Hot-Injection Strategy 
	2.1.2.2 Hydro-Solvothermal Strategy 


	2.2 Ion Exchange
	2.2.1 Cation Exchange
	2.2.2 Anion Exchange


	3 Architectures of Semiconductor Nanomaterial-Based Epitaxial Heterostructures
	3.1 Semiconductor Nanomaterial-Based Epitaxial Heterostructures with 0D SeedsTemplates
	3.1.1 0D NCs Grown on 0D Seeds
	3.1.1.1 Core@shell Nanostructures 
	3.1.1.2 Nanodimers 

	3.1.2 1D NCs Grown on 0D seeds
	3.1.2.1 Dot-in-Rod 
	3.1.2.2 Branched Structures 

	3.1.3 Other Structures Based on 0D Seeds

	3.2 Semiconductor Nanomaterial-Based Epitaxial Heterostructures with 1D SeedsTemplates
	3.2.1 0D NCs Grown on 1D Seeds
	3.2.2 1D NCs Grown on 1D Seeds
	3.2.2.1 1D Core@shell Structure 
	3.2.2.2 1D Linear Heterostructures 

	3.2.3 2D Nanostructures Grown on 1D Seeds

	3.3 Semiconductor Nanomaterial-Based Epitaxial Heterostructures with 2D SeedsTemplates
	3.3.1 0D NCs Grown on 2D Seeds
	3.3.2 1D NCs Grown on 2D Seeds
	3.3.3 2D NCs Grown on 2D Seeds
	3.3.3.1 2D van der Waals Heterostructures 
	3.3.3.2 2D Core@shell Structures 
	3.3.3.3 2D Core-Crown Structures 



	4 Properties and Applications of Semiconductor Nanomaterial-Based Epitaxial Heterostructures
	4.1 Light-Emitting Devices
	4.2 Photovoltaic Device
	4.3 Catalysis
	4.4 Thermoelectric Device

	5 Conclusion and Outlook
	Acknowledgements 
	References




