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Abstract

The innovation of band-gap engineering in advanced materials caused by the alloying of different
semiconductors into solid-solution nanostructures provides numerous opportunities and advantages in
optoelectronic property tailoring. The semiconductor solid-solution nanostructures have multifarious
emission wavelength, adjustability of absorption edge, tunable electrical resistivity, and cutting-edge
photoredox capability, and these advantages can be rationalized by the assorted synthesis strategies such as,
binary, ternary, and quaternary solid-solutions. In addition, the abundance of elements in groups IIB, IIIA,
VA, VIA, and VIIA provides sufficient room to tailor-make the semiconductor solid-solution nanostructures
with the desired properties. Recent progress of semiconductor solid-solution nanostructures including
synthesis strategies, structure and composition design, band-gap engineering related to the optical and
electrical properties, and their applications in different fields is comprehensively reviewed. The classification,
formation principle, synthesis routes, and the advantage of semiconductor solid-solution nanostructures are
systematically reviewed. Moreover, the challenges faced in this area and the future prospects are discussed. By
combining the information together, it is strongly anticipated that this Review may shed new light on
understanding semiconductor solid-solution nanostructures while expected to have continuous
breakthroughs in band-gap engineering and advanced optoelectronic nanodevices.
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Abstract

The innovation of band-gap engineering in advanced materials caused by the alloying of
different semiconductors into solid solution nanostructures provides numerous opportunities
and advantages in optoelectronic property tailoring. The semiconductor solid solutions
nanostructures have multifarious emission wavelength, adjustability of absorption edge,
tunable electrical resistivity and cutting-edge photo-redox capability, and these advantages
can be rationalized by the assorted synthesis strategies such as, binary, ternary and quaternary
solid solutions. In addition, the abundance of elements in groups 1IB, IlIA, VA, VIA and
VIIA provides sufficient room to tailor-made the semiconductor solid solution nanostructures
having the desired properties. Herein, the recent progress of semiconductor solid solution
nanostructures including synthesis strategies, structure and composition design, band-gap
engineering related to the optical and electrical property, and their applications in different

fields is comprehensively reviewed. The classification, formation principle, synthesis routes
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and the advantage of semiconductor solid solutions nanostructures are systematically
reviewed. Moreover, the challenges faced in this area and the future prospects are discussed.
By combining the information together, we strongly anticipate that this review may shed new
light on understanding semiconductor solid solution nanostructures while we are expecting
continuous breakthroughs in the band-gap engineering and advanced opto-electronic nano-
devices.
1. Introduction

Low-dimensional semiconductor nanostructures are considered to be promising
candidates for the realization of high-performance and sensitive optoelectronic nanodevices,
clean energy harvesting, photodegradation of organic pollutants and bio-related
applications.." The suitability of the semiconductor nanostructure for above applications
generally requires a careful consideration of its dimension, orientation, crystallinity, as well as

5] Especially, the band-gap of semiconductors is regarded as

the band-gap structures.
extremely important for a series of practical applications since the intrinsic physical properties
such as optical absorption edge, emission wavelength and electrical conductivity are closely
dependent on it. However, the available band gaps of natural semiconductors are very limited.
It is quite challenging to search for appropriate intrinsic semiconductors satisfying the
different and particular needs of the optoelectronic nanodevices and photocatalytic
applications. Therefore, it is of great importance to develop facile and efficient strategy for the
band-gap tailoring of semiconductor nanostructures to further promote their applications in
diverse fields ranging from white light emitting diodes (LEDs), solar-cells, photodetectors,
nanolasers, photocatalysis for H, production, and environmental processing, etc.

As an alternative and promising approach, the solid solution (doping or alloying) of
semiconductors with proper elements or compounds has been demonstrated extremely

efficient and wuseful in bulk semiconductors for effective band-gap engineering and

optoelectronic property tailoring.!* “'For that reason, the selection of doped element or
2
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compound is believed to be extremely important for expected properties since we can replace
the anion or cation in host semiconductor and control their concentration for a tunable
property. In this regard, specific synthesis strategy should be developed for the formation of
solid solution and a precise control of the solubility, which directly affects the energy band
structures, emission wavelength, absorption edge, and electrical transport.®! Compared with
the bulk films, semiconductor solid solution nanostructures have more advantages, such as
large specific surface area, quantum confinement effect, quantum size effect, etc., which can
not only enhance the light absorption and electron transportation efficiency, but also suitably
tailor the light emission wavelength and band gaps efficiently. Thus, the atomic
nanostructures exhibit superior electrical and optical performance in optoelectronic
nanodevices. To form a semiconductor solid solution nanostructure, the crystallographic
parameters, chemical valance and radius of cations or anions of component semiconductors
should be generally considered for minimum formation energy and a wide range of
composition tuning."”) The formation of semiconductor solid solution can be regarded as a
doping process involving the selective cation and anion substitution. Sometimes, the
simultaneous doping/substitution of cation and anion leads to form pseudo-binary solid
solution. We can adjust the properties of semiconductor nanostructures through either cation
and/or anion doping and the control of their concentration in the whole composition range.
That’s why the design of material system and the precise control of their reaction process
require a well-designed synthetic strategy. Such property customization of semiconductor
nanostructures through the alloying of semiconductors with different band gap structures and
optoelectronic characteristics provides a powerful platform for the formation of a variety of
optoelectronic nanodevices and a fruitful avenue towards the production of clean energy.

In this review, we will firstly give a brief overview on the categories of semiconductor
solid solution nanostructures based on their component elements (namely binary, ternary and

quaternary) and a more emphasis is given on ternary solid solution nanocrystals for their
3
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abundant material systems, tremendous properties and promising applications. In the second
part, various synthetic routines toward the controllable growth of diverse solid solution
nanostructures, including nucleation and structure design, morphology and composition
variation will be summarized. As a key part, the optical and electrical property tailoring in all
kinds of semiconductor solid solution nanostructures through the solubility control in a wide
range will be addressed in detail and subsequently, their potential applications in various
fields ranging from optoelectronic nanodevices to clean energy harvesting will be discussed.
Finally, the challenge and future perspectives in the field of semiconductor solid solution
nanostructures and related applications are highlighted.
2. Classification of semiconductor solid solution nanostructures

Semiconductor solid solution is a single phase alloy that is composed of two different
semiconductors with the same structure properties and different optoelectronic properties. The
formation of semiconductor solid solution should basically follow the following principles:
(1) the comprising two semiconductors should have the same crystallographic symmetries and
very close lattice constants; the good matching of the two semiconductors in structure and
unit cell constants can guarantee their alloying in a wide composition range and to avoid the
phase separation due to the large lattice-mismatching strain. Normally, the closer the constants
between two semiconductors are, the easier it is to form the solid solution. (2) The two
semiconductors should also have very similar chemical properties to promote their
combination into a single phase compound. The valence and ion radius of corresponding
cations and anions in two semiconductors should have less difference to enable a random
substitution. In addition, a well-designed synthesis strategy is also of great importance to
obtain the solid solution nanostructures with controllable solubility. The selections of
synthetic routine, proper precursors and the precise control of reaction parameters (such as
temperature and pressure) are the key factors in optimization of solubility, hence, gives tailor-

made band-gap of the semiconductor solid solution nanostructures. In spite of this, when the
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over-solubility appears, the semiconductor solid solution separates into two phases in the form
of heterostructure, which in turn provides us an approach toward the achievement of
semiconductor junctions.!'”

Based on the constituting elements (cation or anion) and their numbers, the
semiconductor solid solution nanostructures can be simply classified into (1) binary solid
solutions, (2) ternary solid solutions and (3) quaternary solid solutions. Even though the
formation principle is the same for all these semiconductor solid solutions as mentioned
above, the properties of the three types of semiconductor solid solutions exhibit great
disparity, which will be discussed later in detail. After tremendous efforts, a large amount of
semiconductor solid solution nanostructures either in binary, ternary or quaternary have been
developed in different material systems and Figure 1 lists the possible elements that comprise
these semiconductor solid solutions. Detailed introduction of these representative
semiconductor solid solutions is described as follows.

2.1 Binary Semiconductor Solid Solutions
SiyGe;.x system (Group IV elements), is the only best-known and extensively

investigated binary semiconductor solid solution.!": '

The identical crystallographic
symmetry and close lattice constants of Si (cubic, a=5.431 A, 1.12 eV) and Ge (cubic,
a=5.658 A, 0.66 eV) theoretically enable the whole composition range flexibility and
corresponding band-gap control in the range of 0.66-1.12 eV. Based on the Si,Ge;x solid
solution nanostructures, various optoelectronic and microelectronic devices can be realized
through the precise control of their nucleation, composition, dimensional size, optical and
electrical property.!"”! Takeoka et al.l''! reported Si;.«Gey nanocrystals with Ge content in the
range of 0<x<0.31, which is fabricated by the deposition of Si, Ge, and SiO, followed with
post-annealing treatment at 1100 °C. Nevertheless, SiH4 and GeHy4 as Si and Ge precursors in

a vapor liquid solid process further broadened the Ge content in the whole composition range

of 0<x<1 and the Si;.xGex nanowires showed excellent crystallinity, adjustable band-gaps and
5
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thermal conductive properties for photodetectors, field effect transistors (FETs) and
thermoelectric devices.'" Further precise control of the SiH, and GeH, gas precursors during
the chemical vapor deposition synthesis can lead to the formation of composition graded Si;.
«Ge, nanowires.'"” The Si and Ge ratio along the axial direction can be selectively and
continuously tuned to fully tailor the band-gap and optoelectronic properties in an individual
Si;xGex nanowire. Such single Si;.xGey nanowire with axially graded energy-band opened
new frontiers in fabricating high performance photodetectors for selective wavelength
detection in a wide range.!"!
2.2 Ternary Semiconductor Solid Solutions

In comparison with binary semiconductor solid solutions, ternary semiconductor solid
solution nanostructures exhibit inspiring advantages for their abundant material systems and
hence, more versatile properties. Ternary semiconductor solid solutions can be obtained
through the combination of two independent binary compounds, which share the same crystal
structure, anion or cation. The formation of ternary semiconductor solid solution can also be
regarded as an elemental doping process, in which the cation or anion in binary host is
substituted by the element in the same group. The large material system of ternary
semiconductor solid solutions provides more chances to fully customize the semiconductor
properties and more possibilities to realize the potential applications in diverse fields ranging

from LED,'™ optoelectronic devices (such as photodetectors and phototransistors),!'” '*)

[20] [23]

catalysis,'” lasers,””” optical waveguide,”*" solar cell,” to environmental processing.
Based on the elemental constituents, the ternary semiconductor solid solutions can be further
classified into (i) II-VI solid solution and (ii) III-V solid solution. The II-VI ternary solid
solutions are mainly related to Group IIB cations (Zn, Cd, Hg) and VIA anions (O, S, Se, Te),
while the III-V ternary solid solutions are made of the elements from Group IIIA (Al Ga, In)

and VA elements (N, P, As, Sb) in the periodic table, as shown in Table 1. In this section, we

will mainly introduce the representative ZnyCd;,S, CdSiSe;x, InyGa;xN and AlGa; N
6
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material systems as examples of cation and anion doping.
2.2.1 CdSsSeix and Zn,Cd; S solid solution nanostructures

CdS,Se; is a key member of the II-VI ternary chalcogenide solid solution, which has
attracted widespread attention for its promising application in photo-electronics owing to its
excellent properties such as large nonlinear susceptibilities, good photoconduction and fast
photo-response time.** Because of the smaller lattice mismatch, CdS and CdSe are able to be
miscible over a wide range of composition, leading to an efficient band-gap engineering in the
range of 1.73 (CdSe)-2.44 eV (CdS). In addition, the smaller enthalpy to form ternary
CdS,Se;x (0<x<1) solid solution also guarantees the wide solubility for effective property

tailoring.”” To synthesize the ternary CdSSe nanostructures, a lot of approaches such as

[26] [28

template-assistant (TP) methods,*® solvothermal,”” thermal evaporation®® and chemical
vapor deposition (CVD)?” have been developed. Recently, Zhuang et al.*” reported the
lateral-composition-graded CdSSe semiconductor nanoribbons through an improved source-
moving vapor phase route, which allows better morphology control based on an effective
composition and band-gap tailoring. Similarly, the incorporation of CdSe into CdS can
modulate the band-gap of CdS,Se;« alloy in the range of 1.94 - 2.42 eV with x = 0 to 0.62.
Later, scroll-like colloidal CdScSe;—x nanoplates with a thickness of five monolayers were
synthesized by using the mixture of chalcogenide precursors (Figure 2a-b) and the S content
could be further freely tuned from x = 0 to 0.72, which exhibits corresponding
Photoluminescence (PL) emission in the range of 410 - 480 nm (Figure 2c¢).!*"

Apart from CdSsSe;.x semiconductor solid solution which involves the anion doping, the
formation of Zn,Cd; xS semiconductor solid solution is realized through a cation substitution.
The substitution of Cd with Zn in ZnS host enables the emission peak shift from UV (3.7 eV)

to visible (2.4 eV) for efficient visible light absorption. The effective band-gap tailoring of

ZnyCd; S solid solution nanostructure makes it a competitive candidate for promising

9] [31]

applications in photocatalysts for hydrogen production,! and

7
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nanolasers.*? Zhang et al.3! reported the first synthesis of ternary Zn,Cd;«S semiconductor
nanorods with hexagonal wurtzite (WZ) structure through superionic conductor (Ag,S)-
mediated growth with [(C4Hg),NCS;],M (M=Zn, Cd) as single-source precursors. In addition,
series of hexagonal ZnyCd,«S nanoparticles and nanorods with variable compositions (0 < x <
1) were also synthesized in a large scale via thermolysis and solvothermal method for

[19, 34

promising photocatalytic water splitting. ' In contrast to thermal-dynamically stable

hexagonal Zn,Cd;«S phase, metastable cubic zinc-blende (ZB) ZnyCd;«S phase with 0 < x <

[33]

1 have also been reported with high photocatalytic performance. In addition, the

substitution of Cd with Zn in CdS host also leads to the coexistence of ZB and WZ phases and
their structure transition.% ")

2.2.2 In,Ga; 4N and Al;Ga; (N solid solution nanostructures

Ternary InGaN and AlGaN of III-V nitride solid solution nanostructures hold great

[38, 39 [40]

promise in the application of high-efficiency and wavelength tunable LEDs J'and lasers
due to their chemical stability, adjustable band gap and wide luminescence spectrum from UV
to IR. Single crystalline InyGa;xN and AlyGa; 4N solid solutions with direct band gaps are
also often used as the active layers for generating luminescent light. By controlling the
solubility of ternary InyGa;«N, the key basic three colors of red, green and blue can be
obtained. For blue light InGaN LEDs, it shows a commercial efficiency with decent stability,
whereas the green and red LEDs with In rich exhibit a fast degraded luminescence efficiency
because of the formation of high density dislocations leading to the strong non-radiative
recombination.'*'! To address this challenge and to develop pure InGaN white LED, Yang et
al.'”! synthesized high quality and single crystalline InyGa; N nanowires across the entire
composition range from x = 0 to 1 through halide CVD method. PL measurements suggest
that a tunable emission wavelength from ~ 390 to 735 nm can be obtained by controlling the

In content. The integration of InGaN layer with doped GaN to form n-GaN/InGaN/p-GaN

core/shell/shell (CSS) structures by metal organic chemical vapor deposition (MOCVD)
8
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method can further enhance the carriers injection efficiency in a single nanowire photonic
device."*”! Concerning deep UV LEDs and lasers, AlGaN solid solution nanostructures exhibit
huge potential as the high-efficiency active layer. For instance, semi-polar AlGaN layers
epitaxially grown on coalesced GaN nanowire arrays exhibit a quasi 3D film structure and
decent crystal quality for achieving high room-temperature luminescence efficiency, superior
charge carrier transport properties and excellent electrical and optical performance.'*’!
2.3 Quaternary Semiconductor Solid Solutions

Unlike binary and ternary semiconductor solid solutions, quaternary semiconductor solid
solution is composed of two binary semiconductors that are made of different cations and
anions. The formation of quaternary semiconductor solid solution also involves the
simultaneous doping or substitution of cations and anions in host binary semiconductor. The
phase separation and local elemental aggregation are rather challenging to avoid along with
the homogenous composition control. As a result, the nucleation and crystallization of
quaternary semiconductor solid solution are more complicated. Therefore, it is considered
essential to confirm the phase purity and composition homogeneity using various
characterization techniques. The critical characterizations of the single phase of solid solution
nanostructures are feasibly done by X-ray diffraction (XRD) and selective area electron
diffraction (SAED) methods. As illustrated in Figure 3, which show no peak and diffraction
spot splitting; while the elemental distribution inside a solid solution nanowire can be
identified from the high-resolution elemental mapping. The quaternary solid solution provides
a more useful means to tailor the optoelectronic properties of semiconductor due to the
simultaneous doping of cations and anions. Compared with binary and ternary solid solutions,
quaternary semiconductor solid solution exhibits some unexpected properties valuable for
technological applications in diverse fields. So far, the quaternary semiconductor solid
solutions have been reported for groups (II-VI)-(II-VI), (III-V)-(1II-V) and (II-VI)-(I1I-V)

material systems which mainly include ZnCdSSe,"*** ZnCdSeTe,** *! GalnAsSb,’” GaN-
9
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ZnO,[Sl'SS] GaP-ZnS,[g’ 10.56.57) GaP-ZnSel*® and GaAs-ZnSe.>”
2.3.1 GaN-ZnO solid solution nanostructures

GaN-ZnO solid solution particles were firstly reported by Maeda et al.®” in 2005. The
nitridation of Ga,Os; and ZnO powders directly leads to their alloying to GaN-ZnO solid
solution. Interestingly, the GaN-ZnO solid solution showed a fascinating phenomenon of band
gap narrowing compared with the wide band gap of initial GaN (3.4 eV) and ZnO (3.37 eV).
It was explained that the band-gap reduction is mainly because of the repulsion of Zn 3d and
N 2p orbitals in the valence band after the formation of quaternary solid solution.
Photocatalytic test implies that the GaN-ZnO solid solution is an excellent photocatalyst for
overall water splitting for H, production under visible light irradiation. Until 2010, one
dimensional GaN-ZnO solid solution nanowires were successfully synthesized through the
nitridation of homogeneous Ga-Zn-O precursors by Han et al.l®"! and the ZnO ratio can be
adjusted from 0.088 to 0.482 with the corresponding band gap varying from 2.21 to 2.65 eV.
Similar synthetic strategy produced GaN-ZnO solid solution nanowire with a ZnO content of
12% and it exhibits n-type conductivity in FET. Later, Lee et al.”*! further extended the ZnO
solubility to the range of 0.3-0.87 and Li et al.l®’ optimized the much wider ZnO
concentration in the range of 0.18-0.95 in (GaN);x(ZnO)x hollow spheres. These hollow
spheres exhibit superior photocatalytic activity for overall water splitting with the highest
quantum efficiency of 17.3% under visible light irradiation. In addition, our group also
reported the GaN-ZnO solid solution nanorods with controllable crystal facets and tunable
ZnO ratios in the range of 0.25-0.95 (Figure 2h-m).””! By carefully controlling the growth
temperature and reaction time, the exposed crystal facets of as-prepared (GaN);—(ZnO)y solid
solution nanorods could be tuned from non-polar {10-10} to semipolar {10-11} and then
finally mixed {10-11} and polar {000-1} planes with ZnO ratio changing from 0.95 to 0.80
and 0.25 (Figure 2h-m). The crystal facet tailoring will undoubtedly bring more opportunities

to the property adjustment and photocatalytic applications of (GaN); x(ZnO)x solid solution
10



WILEY-VCH

nanostructures.
2.3.2 GaP-ZnS and GaP-ZnSe solid solution nanostructures

Besides GaN-ZnO system, GaP-ZnS and GaP-ZnSe solid solution nanostructures have
also given remarkable attention for their peculiar properties and specific functions. Previous
study on GaP-ZnS and GaP-ZnSe films has found that the invasion of small amount of ZnS or
ZnSe into GaP host lattice can cause the drastic decrease of electrical conductivity and the
band-gap of the solid solution showed a non-linear dependence on their content. The same
phenomenon has also been observed in GaP-ZnS and GaP-ZnSe solid solution nanostructures.
Our group has reported the synthesis of (GaP);(ZnS)x with x<0.07""! and (GaP),.«(ZnSe)y
with 0.182 < x < 0.209 solid solution nanowires (Figure 2d-g) using two-channel CVD
method.®® Later, Park et al.”® broadened the solubility of (GaP);x(ZnS)x nanowires to the
entire composition range of 0 < x <1 using vapor transport method and a continuous phase
transition as a dependence of ZnS content has been observed. The (GaP),.x(ZnS)y nanowires
first exist in the form of ZB (x < 0.4), and then the coexistence of ZB and WZ phases (x = 0.4
- 0.7), and finally the WZ phase (x > 0.7). However, a phase separation from GaP-ZnS system
to form GaP/ZnS heterostructure has also been observed with excessive ZnS content in initial
precursors.'”) For (GaP);.«(ZnSe)y solid solution nanowires, we still observe the band-gap
shrinking after the alloying of GaP and ZnSe, similar to the cases in GaP-ZnS and GaN-ZnO
solid solution nanostructures.
3. Synthetic strategies of semiconductor solid solutions

The formation of semiconductor solid solutions in principle can be easily understood
based on the structure and lattice constant matching of composed semiconductors. However,
their nucleation design and composition control in nanoscale are rather difficult and
challenging. Especially, the growth dynamics and crystallization process differ hugely when
the component elements increase. Therefore, a well-designed reaction routine and a precise

control of the growth parameters such as temperature, pressure, precursors, substrate, and
11
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deposition areas are generally required to obtain homogeneous solid solution nanostructures
and to avoid any possible phase separation. Sometimes, a modified method or the
combination of several reaction technologies are considered for desired solid solution
nanostructures having peculiar properties. So far, extensive efforts have been made in
developing and exploring suitable and versatile growth methods for the controllable synthesis

(30, 43, 45] Here, we will summarize the

of various semiconductor solid solution nanostructures.
recent progress on the development of growth technology for all these semiconductor solid
solution nanostructures.
3.1 Vapor phase transport route

Vapor phase reaction is widely used for the synthesis of various nanostructures,

[29.63. 64 The characteristics of this approach

especially for 1D solid solution nanostructures.
involve the vapor or gaseous-stated precursors decomposed/evaporated at high temperature
and serve as the reactant sources for the subsequent nucleation and crystallization. Based on
different reaction mechanism, the vapor phase reaction can be further classified into vapor—
liquid-solid (VLS), vapor—solid (VS), vapor—solid—solid (VSS) and others.’!: 6% 636
Occasionally, metal catalyst nanoparticles are further utilized to assist the growth and the size
control of semiconductor nanostructures. In this way, low dimensional solid solution
nanostructures with atomically homogeneous chemical composition and decent crystal quality
can be obtained to meet the specific requirement for high performance device application.
According to the reaction processes, it can be further divided into two major types: chemical

vapor deposition (CVD)?" ! including MOCVD,"" "] metal organic vapor phase epitaxy

(MOVPE),""* ™! and halide chemical vapor deposition (HCVD) !**" 7 and physical vapor

) [18, 75, 76] [20,
b

deposition (PVD) including molecular beam epitaxy (MBE thermal evaporation,

%3] magnetron sputtering'’”) and chemical beam epitaxy (CBE).[”")
The CVD process provides predominant advantage in the precise control of nucleation

size, composition and morphology of the solid solution nanostructures, which is discussed in
12
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details in this section. Typically, the vaporized precursors generated at high temperature are
transported via carrier gases to the substrate position and begin to react. In this case, the
elements decomposed from the precursors will reorganize and re-bond to the targeted solid
solution nanostructures under a careful control of growth temperature, pressure, substrate, gas
flowing rate and so on. The facile control of these parameters facilitates the possible growth
of a variety of semiconductor solid solution nanostructures. It has been reported that the
growth parameters have a significant impact on the growth mechanism, size and morphology,
phase and composition of semiconductor solid solution nanostructures.’”” ! For instance,
with regard to the synthesis of ternary InGaAs solid solution nanowires using MOCVD
method, precursors such as (trimethylindium (TMI), trimethylgallium (TMG), and arsine
(AsHs3)) having higher flow rates generate ternary InGaAs core with In-rich shell, while the
precursors with lower flow rates produce binary GaAs core with ternary InGaAs shells.[*”!
Moreover, InGaN nanowires with variable compositions and band gaps within the different
substrate areas were firstly synthesized by Yang’s group using HCVD method.'? Four
temperature zones have been created on the substrate using a horizontal single-zone tube
furnace and two independently controlled heating elements, as shown in Figure 4a. InCls,
GaCls and NH; were used as the In, Ga and N sources respectively. By changing the growth
parameters, single-crystalline InyGa; <N nanowires could be grown across the entire
compositional range from x = 0 to 1. The CVD method is especially effective to synthesize
quaternary solid solution nanostructures made of two different binary compounds. For
example, Pan et al. has demonstrated the successful synthesis of a variety of quaternary solid
solution nanostructures such as GalnAsSb,”” GaZnSeAs”™ and ZnCdSSe!*” using this
method, in which the binary compound precursors are isolated in two separated transport
channels and are transported to the reaction zone at the same time (Figure 4b). Using similar
method, we have also fabricated GaP-ZnS,[9’ 101 GaP-ZnSeP® and GaN-ZnO solid solution

1531 with variable size and tunable optoelectronic properties.

13
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3.2 Solution-based reactions

Among the solution-based formation processes, hydrothermal (HT) and solvothermal
(ST) methods are also popular and have been extensively used in the synthesis of various
semiconductor solid solution nanostructures due to their facile operation and simple setup.”
Typically, the synthesis is conducted in a sealed autoclave at elevated temperature and
pressure or in three-neck flask under Ar flux protection.®" ¥ Under such experimental
conditions, water and non-aqueous solvents display different properties such as viscosity and
dissociation constant which can promote the mass transportation, the control of nucleation and
the growth rate as well as morphology during the growth process of nanomaterials.!!
Recently, it has been found that solid-phase superionic conductors such as Ag,S can catalyze
the growth of chalcogenide nanowires/nanorods in solution based on a process known as

(83, 84

solution—solid—solid (SSS) growth mechanism. I The cations in the superionic conductors

serve as a “fluid” with high mobility, which generates vacancies for the dissolution of foreign

cations and hetero-growth of the second phase.™

Hence, the superionic conductor
nanoparticles act as the material transfer center during the growth and play a similar role of
the “liquid” media in metal-nanoparticle-mediated growth. Base on this mechanism, the Ag,S-
mediated ternary ZnyxCd; S nanorods were achieved with the composition tunable over a
wide range through changing the ratio of Zn and Cd precursors.*’!

In addition, the solvent of trioctylphosphine oxide (TOPO) is traditionally and widely
used as the reaction medium in the synthesis of semiconductor solid solution QDs.!¥*®"
Recently, it has been substituted by other solvents composed of long-chain alkanes (C16-C20)
due to their low cost, low toxicity, more stability in air, and the high boiling points of 300-
400 °C. Xing et al.™ firstly used paraffin liquid and oleic acid as the solvent and ligand
instead of expensive and toxic phosphines of TOPO and hexadecylamine (HDA) to prepare
high quality ternary CdSeTe solid solution QDs with strong red to NIR emissions. The

solution based CdSeTe QDs also demonstrated a PL-QY up to 70% and superior optical
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stabilities against temperature change and photobleaching. From above descriptions, it can be
concluded that the solution-based method provides more efficient and simple strategy toward
the rational synthesis of semiconductor solid solution nanocrystals with tunable morphology,
size, composition and band-gaps, which paves a solid way to the future application of
semiconductor solid solution nanostructures in photocatalysis and the development of various
optoelectronic nanodevices.
3.3 Other synthetic methods
In addition to the above synthesis methods for obtaining semiconductor solid solution

nanostructures, the synthetic technologies including sol-gel method,”® electrospinning (ES)
methods,”" reflux,® template-assistant (TP) methods®® and microwave irradiation®” have
also been reported. However, it should be noted that some modified reaction strategy
combining with different processes is often utilized for a controllable synthesis route of
semiconductor solid solution nanostructures. A summary of synthesis methods for
semiconductor solid solution nanostructures is given in Table 1.
4. Optoelectronic Properties

The alloying of different semiconductors with peculiar optoelectronic properties to form
single-phase semiconductor solid solution allows for an easily accessible routine toward the
realization of desired band structure and optoelectronic properties through effective solubility
tuning. In this section, the optical and electrical property tailoring of binary, ternary and
quaternary semiconductor solid solution nanostructures will be discussed and summarized in
details. Based on these works, it is expected that a general rule in the optical and electrical
property engineering of semiconductors can be established for future applications through the
design of solid solutions.
4.1. Optical Property tailoring

The band-gap control of semiconductors solid-solution having different semiconductor

components with distinct band structures provides a valid and available strategy to modify the
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optical properties such as emission wavelength, optical absorption, photoluminescence (PL)
intensity and quantum yield (QY). 12 %9 |n terms of light emission, semiconductor solid
solution nanostructures are capable of realizing the tunable emission wavelength covering UV
to IR through the proper design of host/guest semiconductors and the effective solubility
designing, which provides abundant building blocks meeting the requirements of diversified
electronic nanodevices such as white LEDs, full-spectrum nano-lasers and wavelength-
selective photodetectors. To control the type and content of doping element (phase) in the host
material can lead to the continuous change of band energy levels and luminescence centers,
which in turn enables us to control the emission wavelength of semiconductor solid solutions.
For instance, AlxGa;—xN ternary solid solution nanostructures can be formed with stable and
highly efficient light emission ranging from 280 nm to 365 nm, which is promising for deep
ultra-violet (DUV) LEDs and lasers.®® “°! In contrast, In,Ga;_«N nanowires with fully tunable

composition (0 < x < 1) exhibit a strong PL emission from UV (~390 nm) to red light

region (~730 nm), as shown in Figure 5a-c.l*?! Therefore, we can select suitable nitride solid
solution nanostructures for specific applications. Similarly, InGaAs and InAsP ternary solid
solutions as promising materials for IR detectors have emission wavelengths (at 77 K) of 857-
930 and 860-3070 nm, which correspond to near-IR and mid-IR regions, by controlling the
compositions, respectively.®® ®! Additionally, groups 11B-VI and III-V solid solution
nanostructures including ZnS;_Sey, CdS;—Sey, Zn«Cd;S, Zn«Cd,—Se, ZnCdSSe, InSbAs,
GaPAs also exhibit the wide emission wavelength range in UV-Vis-IR region, as listed in
Table 1. Generally, the luminescence of semiconductor solid solution nanostructures is
mainly produced by the near band edge emission (NBE), which is determined by the band-gap
and direct/indirect band structure. In addition, the defects resulting from the alloying of
different semiconductors can also create relevant located energy levels for light emission. For
example, defect emission in the red region is often observed in Ga-rich InGaN solid solution

nanowires, (Figure 5c). Nevertheless, the increase of Indium content leads to the fading away
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of the defect-related emission in In-rich nanowires. Similar phenomenon is also observed in
tetrapod-like ZnSSe nanostructures.”® To further resolve the defect emission and to make
better use of tunable emission wavelength for advanced optoelectronic nanodevices, it is
indispensable to improve the crystal quality and decrease the defect density of solid solution
nanostructures through a well control of the reaction process.

Except for the emission wavelength, the absorption edge of semiconductors can also be
selectively tailored based on the designed nucleation of solid solutions. The increased optical
absorption of semiconductors in the visible region can dramatically promote the improvement
of solar conversion efficiency (SCE) in the field of solar cells and photocatalysis. As shown in
Figure 5d, the absorption edge of InGaN ternary solid solution nanowires shifts from 3.3
(~375 nm) to 1.2 eV (~1000 nm) when the In content is controlled from x = 0 to 1, which can
be used as a promising photocatalyst for visible-light-driven water splitting.'** °"! In addition,
the absorption edge of ZnCdSSe quaternary solid solution nanowires/nanobelts/nanosheets
shifts from 2.88 (~430 nm) to 1.96 eV (~632 nm) with the contents of Cd and S increasing
from x=0 to 1.°® Similarly, the absorption of CdZnTe ternary solid solution quantum dots
(QDs) can be modulated in the range of 480-570 nm when the ZnTe ratio increases (Figure
5¢).%%] Therefore, the band-gap reduction or the improved absorption in visible range of a
variety of semiconductors can be realized through the alloying of different semiconductor
components and their solubility tailoring in a wide range, as listed in Table 1. Additionally, it
is also found that the absorption efficiency of semiconductors is strongly affected by the
band-gap type of the solid solution nanostructures. For example, the band gap of InsGa;—xP
ternary solid solution nanowires decreases from 2.26 to 1.35 eV when the In content is
increased from 0 to 1. Correspondingly, the absorption edge of In,Ga;—xP moves from 400 to
1000 nm.8) Meanwhile, it was found that an energy band structure transition from direct to

indirect appears at x = 0.21 and the InGaP nanowires showed a sharp increase at absorption
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edge in direct range (x > 0.21). While, in indirect range (x<0.21), it showed a slow increase at
absorption edge due to the direct-indirect band gap transition.

The solubility control of semiconductor solid solution nanostructures makes it possible
to freely adjust the optical property (emission wavelength, intensity, etc.) of host
semiconductor. However, the emission intensity of semiconductor solid solutions gradually
quenches with the increase of solubility to a certain extent. The luminescence depression of
semiconductors is also harmful to the corresponding performance of optoelectronic nano-
devices like LEDs and lasers.®¥ The main reason can be attributed to the increased non-
radiation centers induced by the defects and the lattice deformation under high solubility
condition. For Si;«Gex QDs with a similar size of ~ 4 nm, the quenching of PL intensity is
easily observed with increasing Ge content from 0 to 0.31 due to the rise of Ge P, defect
density.*Y] Similarly, the PL intensity of ternary InGaN solid solution also exhibited a
decreasing tendency in In-rich region.*? As a result, it is quite difficult to obtain high
efficiency and very bright green/red InGaN LEDs. The quenching of luminescence decreases
the QY of semiconductor solid-solution QDs. Therefore, it is essential to prevent the possible
luminescence degradation. Previous studies have revealed that prolonging the reaction time
could increase the PL-QY of CdZnTe QDs and a maximum QY as high as 65.35% can be
obtained with the Zn:Cd=1:1 and the reaction time of 12 h.*¥ In addition, the enhancement of
QY in solid solution nanostructures can also be realized through modifying some ligands or
molecular on the nanostructure surface to decrease surface defect traps. A typical example can
be found in CdZnTe QDs through the linking of short RGD peptide ligands on their surface.l*®
It has been found that the PL-QY of CdZnTe QDs can reach as high as 60% under optimized
reaction conditions.®*!

Compared to semiconductor solid solution nanostructures with homogenous composition,
single nanowires/nanoplates with gradient composition show fascinating optical properties

including multiple-wavelength light emissions and enhanced optical absorption,® which has
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attracted extensive attention in the potential applications of white nano-LEDs, !
photodetectors!® and lasers.[*! The composition modulation in a single nanowire requires a
precise control of the reactants in a well-designed process. Pan et al. demonstrated that the
substrate-moving growth approach was quite suitable to realize the gradient composition
along the axial direction of ultra-long ZnCdSSe and CdSSe nanowires (Figure 4c).[*¢ &
Using this method, the composition of CdSSe nanowires can be continuously tuned from x =
0 (CdS) at one end to x = 1 (CdSe) at the other end, and thus a continuous light emission from
507 nm (2.44 eV of CdS, green light) to 710 nm (1.74 eV of CdSe, red light) along the length
direction can be obtained.®® To further integrate red, green and blue emissions in single
nanowire for white light devices, Zn element can be introduced to CdSSe system to form
ZnCdSSe quaternary nanowires with axial composition-gradient. In this way, the adjustment
of red, green and blue emissions for a near-daylight white light emission can be achieved in a
single nanowire through the precise composition control along the growth direction.[*
Similar ZnCdSSe nanosheets with full composition-gradient from one side to other side are
also promising to achieve red, green and blue lasing light for a monolithic white laser.[*"!
4.2. Electrical Properties

The energy band structure is not only related to the optical properties, but also the
electrical properties of semiconductors. Therefore, an efficient tailoring of the band-gap
structures of semiconductors through the alloying of different semiconductors and their
solubility control allows for an accessible approach to adjust the electrical properties. The
variation of energy band-gap also affects the effective mass, redox ability of photo-generated
electrons/holes, conductivity and so on. The band gap as a dependence of the component in
ternary semiconductor solid solutions can be described as follows:
EgA 1 = XEgA9 + (1-%)Eg®Y) — bx(1-X)
where b is a constant.™? For quaternary solid-solution (AxB1-xCyD1-y), the band gap variation

follows the function:!*®”
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Eg 1 1y = xYEg + (1x)yEg®? + x(1-y)Eg™™ + (1-x)(1-y)Eg®”

Apparently, the band gap variation of ternary solid-solution would show a bowing change due
to the x? part. For example, it has been verified that the band gap of bulk GaAs; Py solid-
solution follows the function very well and it exhibits a bowing phenomenon in band gap
variation. Theoretical calculation also predicts that a crossover would occur at a given GaP
ratio (x=0.5) due to the band gap conversion from direct to indirect. However, for twinned
GaAsP ternary nanowires, it shows a linear relationship rather than bowing or crossover
variation, which is ascribed to the special twinned super-lattice structures of octahedral slice
segments with ZB plane locating between WZ planes.!*®Y The linear relationship of band gap
vs composition is further demonstrated in ternary WS;,Se, o, nanosheets.'® As the functions
depicted, the band gap of solid-solution has a minimum value in the side of pure binary
component. The study of series of solid-solution systems has demonstrated that the band gap
could be tailored between the two primitive parts (such as AB and AC for ABxC1-x). However,
an abnormal phenomenon is discovered in quaternary GaP-ZnSe,®® GaN-znO," and GaP-
ZnSP7 systems, which exhibited a minimum band gap smaller than that of the pure
component semiconductors in the whole composition range. The first principle study on the
GaP-ZnS system based on density functional theory (DFT) calculations indicates that the
formation of minimum energy band gap is mainly attributed to the shifting up of valence band
caused by the repulsion of phosphorus 2p and zinc 3d electrons.” In addition, the interaction
of Ga with S atoms, which decides the conduction position of GaP-ZnS solid solution,
induces the downward of conduction position, and finally leading to the band gap shrinking of
GaP-ZnS solid solution. The alloying of GaP and ZnS also creates an indirect to direct change
of the conductivity during the formation (GaP)1-x(ZnS)y solid-solution because of the intrinsic
conductivity features of GaP and ZnS. Importantly, the change of band structures
simultaneously has a significant influence on the redox capability of photo-generated

electrons and holes. To achieve maximum photocatalysis efficiency, an optimization of the
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band-gap of the solid solution is definitely required through the control of solubility. For
instance, the phenol removal efficiency dramatically drops off due to the decrease of
oxidation capability of photo-generated holes in (GaN);—x(ZnO)y solid solution photocatalysts
when the band-gap is adjusted in the range of 2.38-2.76 eV.[*!

The electrical properties of the solid solution nanostructures can also be modified through the
customizing of effective mass of electrons and holes, which are also strongly related to the
band gap structures and inversely proportional to the mobility of charge carriers.!*%® 1% Based
on a virtual crystal approximation (VCA) method and the hypothesis of random distribution
of atoms in supercell, the calculation of effective mass of electrons (m’¢) and holes (m’y) as
well as the mobility of Si;_xGex nanowires finds that the band gap of Si;—xGex nanowires
(diameter : 8nm) decreases with the increase of Ge content and a turning point at x = 0.8 is
observed.[*® The effective mass of electrons also displays the same tendency as the band gap
variation and a turning point for m’. arises at x = 0.8. In addition, the hole mobility of solid-
solution nanostructures was also reported in CdSeTe nanocrystals.l” It confirms that the hole
mobility in CdSe,Te;— solid solution nanocrystals still follows a similar decrease change with
the increase of band gap. Additionally, the electrical conductivity of semiconductor solid
solutions can be engineered by raising annealing temperature. For example, the hole mobility
of CdSe (x=1) enlarges four orders of magnitude from 4.30(+1.21)x10 ® to 6.88(+1.35)x10*
cm®V s when the annealing temperature increases from 315°C to 355°C. We can still
modify the electrical conductivity and resistivity of semiconductor solid-solutions through the
control of component solubility.?® ! |t has been reported that the electrical resistivity of
(GaP);(ZnSe)y increases greatly with x<0.4 and decreases sharply with x>0.9.2% For
(GaP)1«(ZnS)y solid solution, the electrical resistivity is much larger with x < 0.1 and x > 0.8
and keeps steadily in the range of 0.1 < x < 0.8. The Zn; CdS nanocrystals also showed a
reduction of conductivity as the CdS ratio increases, with an exception at x=0.7.1%! Previous

studies have demonstrated that the electrical resistivity and conductivity of semiconductors
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are easily affected by the electrons scattering and the trapping in defects. The alloying of two
semiconductors with different lattice constants and band structures can easily create numerous
structural defects including dislocations and vacancies, resulting in a remarkable decrease of
conductivity. For example, the invasion of ZnS with a wider band-gap into GaP host lattice
induces the drastic increase of electrical resistivity, leading to the semiconductor to insulator
transition of GaP-ZnS nanowires.”! As a result, the electrical properties including
conductivity and resistivity of host semiconductor can be selectively modified through the
alloying with suitable guest semiconductor (or elements) and their solubility control.
5. Applications
5.1 Optoelectrionic nanodevices
5.1.1. Light emitting diodes

The candela-class brightness blue LEDs based on ternary solid solution double-
heterostructure of InGaN/AlGaN proposed by Shuji Nakamura et al. in 19941“%7 have
demonstrated a huge breakthrough in the field of blue LEDs and speeded up the development
of LEDs toward commercial ultilizations. So far, various LEDs based on thin semiconductor
films have played an important and indispensable role in our daily life in terms of lighting and
displays. In contrast with film-based LEDs, the nanowire-based LEDs portray a bright future
in solid state lighting and displays due to their predominant advantages.!*® 21! On the one
hand, the nanowire geometry can relieve the strain stress from the lattice mismatch of
substrates and dramatically reduce the threading dislocations density of InGaN and AlGaN
solid solution to further decrease the number of non-radiation recombination centers. On the
other hand, it is more feasible to intergrate blue, green and red nanowire-based LEDs on one
chip and realize truly phosphor-free white LEDs with higher external quantum efficiency
(EQE), color gamut and longer time reliability. Lee et al. reported the fabrication of two kinds
of single nanowire blue LEDs through the epitaxial growth of c-plane (Figure 6a;-az) and m-

plane (Figure 6as-as) oriented InGaN/GaN multiple quantum wells (MQW) on GaN
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nanowires.[**% The comparative electroluminescene (EL) spectrum studies of c-plane and m-
plane oriented MQW LEDs with the injection current of 5-50 pA in Figure 6a; and 6ag
clearly showed that m-plane LEDs had a higher and more stable EL emission intensity than
that of c-plane LEDs, demonstrating the negative effect of piezoelectric polarization, and the
EQE of c-plane and m-plane oriented MQW LEDs were estimated to be 25 and 35.65% at an
injection current of 50 pA, respectively. The luminenscence peaks of 415 and 425 nm
demonstrated that the injection current was mainly confined into InGaN active layers for high
efficent blue light emission. Correspondingly, the insets of Figure 6as; and 6as also display
the real images of bright blue light emission for the two kinds of LEDs devices. It is expected
that the EQE of single nanowire LEDs can be further improved through the optimization of
the MQW thichness and numbers.

In addition to single nanowire based LEDs, Mi et al. reported an ultraviolet (UV) LEDs
based on nearly dislocation-free AlGaN ternary solid-solution nanowire arrays.[*! As shown
in Figure 6b;.,, the UV-LEDs are composed of n-type GaN arrays at the bottom and epitaxial
p-i-n AlGaN double heterostucture on the top. Mg doped p-Alp3sGagesN and Si doped n-
Alo35GagesN acting as clading layers are designed to improve the radiation reombinaiton
efficiency of injection current in the active layer of i-Alg14GaggsN. The room-temperature EL
spectra (Figure 6bz) show a strong emission at 340 nm and a weak emission at 310 nm,
which originates from ternary Alg14GaggsN and Alg35GagesN layers, respectively, and the out
power of ~15 W cm™ can be achieved at a current density of 900A cm™.

Because of the band gap tunability from the near-ultraviolet (NUV) to the near-infrared
region (NIR), InGaN ternary solid solution nanostructure showed great potential in the
fabrication of white LEDs. In this case, it is easy to achieve white light emission soly by
synthesizing gradient InGaN or blue, green and red InGaN ternary solid solutions in one LED
device. However, there still remains considerable difficulty and challenge in preparing high

quality InGaN alloy with tunable compositions across the entire visible spectrum range. Until
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2007, Yang et al. demonstrated a succssful synthsis of highly crystalline In,Ga; xN nanowires
with a full compoition range of x = 0 to 1.*?1 Despite of tremendous efforts, phosphor-free
InGaN based white LEDs still faces some problems to be addressed in the achievement of
commercial EQE of green and red light emissions.”*" -2 On the contrast, semiconductor
solid solution QDs with smaller size and decent crystallinity have guradually developed to be
an excellent candidate to replace conventional phosphors in the white LED devices due to
their outstanding optical properties and higher quantum efficiency (QE).**** For instance,
Shen and Tseng et al. developed an one-step synthesis of white-light-emitting Zng ¢3Cdo.07Se
solid solution QDs, as shown in Figure 6c,."* The corresponding photoluminenscence (PL)
spectra in Figure 6c¢; reveal a strong white-light-emission in the wide range of 376-720 nm
and the fluorescence QE of 12%. To prepare the white-light emission device, a single film
with optimized concenration of Zngg¢3Cdog7Se QDs blended with polydimethylsiloxane
(PDMS) was uniformally coated on glass slide under a 365 nm UV lamp exposure, which
displayed bright and stable white-light emission for 10 days shown in Figure 6¢;. From above
results, it can be noticed that semiconductor solid solutions with excellent optical emissions
from UV to IR have made significant contributions to high-performance solid-state lighting of
LEDs, especially white LED devices. Additionally, the further enhancement of crystal quality,
suitable band-gap and precise composition can open up more opportunities to the
development of nanosized white LEDs with higher EQE, color rendering index (CRI) and
excellent gamut area index (GAI). We believe that the gradient InGaN nanowires and ZnCdSe
QDs with superior performance would be promising candidates for white LEDs products in

the near futhure.

5.1.2. Nanolasers
In addition to LED applications, nano-lasers based on semiconductor solid solution

nanomaterials have also made great impacts in the field of data storage, optical
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communications, medical and industrial instrumentation.** 3% 181 The nanolasers made of
semiconductor solid solution with tunable band-gaps are expected to have a bright future in
wavelength-tunable and white nanolasers.”* **! Mi et al. has demonstrated an electrically
pumped AlGa;.xN nanowire laser with 239 and 262.1 nm lasing wavelength in the UV-C
band (200-280 nm) and UV-A band (320-340 nm) by controlling Al composition in the solid
solution and nanowire resonance cavity structure, which shows great potential to replace the
commercial gas He-Cd lasers with obvious disadvantages of large volume and short
lifetime. ]

In terms of visible light tunable nanolasers, ternary solid solutions CdS,Se;.xand Zn,Cd;.-
xS have demonstrated the possibility of room-temperature lasing covering the whole UV-
Visible spectrum range.’** 321171 | ee et al. reported a controllable synthesis of CdS,Se;.xand
Zn,Cd;,S nanoribbons with CdS composition ranging from x=0 to 1.*% Under optical
pumping, ZnyCd;xS and CdS,Sei.x nanoribbons can realize continuous light lasing ranging
from 340 to 710 nm in the whole composition range. To make better use of wavelength-
tunable nanolasers and develop white nanolasers for full-color displaying, it is essential to
realize the integration of multi-color/multi-wavelength in a single nanostructure. In this regard,
quaternary solid solution of ZnCdSSe nanosheet with three-segment heterostructures emitting
red, green and blue light was successfully synthesized through a well-designed growth
strategy.!*® When the three segments were illuminated with three beams with adjustable shape
and intensity, independent lasing of each RGB color, simultaneous two-color lasing of any
two of the three primary colors, and finally simultaneous RGB lasing can be obviously
observed from the PL spectra and the side of the quaternary nanosheet. Importantly, the white
lasing can be realized in the far field through pumping multi-segment of RGB. Toward the
commercialization of tunable nanolasers and white nanolsers, the follow-up research works
should be majorly focused on the synthesis of solid solution nanomatreials with high quality

and low density defects, as well as device optimization and integration.
25



WILEY-VCH

5.1.3. Photodetectors

To meet diversified requirements of light detection in different fields like astronomy
(UV), automatic control (Visible) and thermal imaging (IR), it is significantly important and
meaningful to fabricate photodetectors with various cutoff wavelength responses covering the
wide range from UV to IR. Semiconductor solid solution nanomaterials with band gap
tunability and high crystallinity show predominant advantages in constructing wavelength-
tunable photodetectors with high photoresponsivity and EQE.! ! |ndeed, ternary solid
solution of ZnS,Se;.x nanowires with tunable band gaps of 2.7-3.7 eV have been reported for
fabricating photodetectors covering the detection wavelength from blue to UV region.[*®]
Especailly, ZnSg 44Seqss solid solution shows the highest photoresponsivity of 1.5x10° A W,
a photoconductive gain of 4.5x10° and very fast response speed of 520/930 ms. The response
speed, which is a crucial parameter in the automatic control filed, can be further improved
through the designable formation of heterostructure that takes full advantage of the interface
junction to make a significant difference. Yu and Guo et al. have successfully synthesized
high-quality CdS/CdS,Se,  axial heterostructure nanowires through a CVD method.™**! The
photodetector based this heterostructure displayed an excellent performance with response
speed of 68/137 us, which was faster than the 1.6/3.7 ms of pure CdS nanowire. For IR
photodetectors, INAs,P1.xand In;.xGaxAs ternary solid solutions have aroused wide interests in
the past years.®” ! On the basis of VLS growth mechanism and additional ion-exchange
process, Pan et al. has fabricated band-selective IR photodetectors using InAsxP1.x solid
solution nanowires with continuous composition control in the range of 0 < x < 1.5 These
photodetectors exhibited sensitive peak wavelength response in the wide range from 900 to
2900 nm and high EQE of ~10*10°. In addition to InAsxP1.x photodetectors, ternary In;.
xGaxAs solid solution nanowires with tunable GaAs concentrations also exhibited superior

photodetection to IR light."?” Although the solid solution nanowire photodetectors exhibit
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high device performance and decent band selectivity compared to conventional Si-based
photodetectors, tremendous efforts should be futher carried out to realize the device

integration and mass production.

5.1.4. Field effect transistors

While considereing FET, semiconductor solid solution nanomaterials are also attractive
building blocks due to their excellent electronic properties from band offset to enhanced
mobility from 1D/2D confinement effects.!!% 121 1221 For instance, Lieber et al. reported the
existence of electron gas in the FET device made of undoped GaN/AIN/Alg25Gag7sN
nanowire radial-heterostructure.®! Wang et al. further studied the behavior of electron gas
on the GaN/AIGaN core/shell nanowire system with hexagonal and triangular cross sections
based on calculation and simulation™* and it was found that the confinement of electron gas
at corners or polar faces was directly dependent on the size and highly anisotropic cross-
section of the alloy nanowires.

Despite of tremendous progresses made in the preparation of semiconductor solid
solution nanomaterials, the relationship between electrical properties and composition in this
solid solution system has not yet been well studied. In this regard, ternary InyGa;«xAs 1D
nanowires with entire composition range were synthesized and further fabricated into back-
gated FETs.['?? The statistical analysis on the electrical properties reveals that increasing In
composition in In,Ga;.xAs nanowires leads to a continuous decrease of lo./los ratio, but the
field-effect mobility of electron monotonically increases. To accurately investigate a variety
of electrical properties, Datta et al. further demonstrated novel multigate nanowire FETS
(NWFETS) integrated with probe electrodes in Hall Bridge geometry based on In,Ga;.xAs
nanowires.** A room-temperature ballistic transport phenomenon was directly observed
despite the detrimental impact of side wall scattering in this FET device. Concerning 2D

nanosheets of semiconductor solid solution, some unique electronic properties related to the
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composition were also discovered. For instance, WS,.Se,»x nanosheets with complete
composition range were synthesized and the back-gated FETs were fabricated, as
schematically shown in Figure 7a.'% The output characteristics of a WS,,Se, », nanosheet
transistor (x=0.813) in Figure 7b indicate its good ohmic contact and n-type semiconductor
behavior. The identical n-type transfer characteristics under source-drain bias from 0.5-3.0 V
are displayed in Figure 7c. However, a fascinating transition of transfer behavior from n-type
(0.55-1 S atomic ratio) to p-type (0-0.55 S atomic ratio) is discovered with decreasing S
composition from 1 to 0 (Figure 7d). Meanwhile, the threshold voltage exhibits a continuous
decrease tendency (Figure 7e), while the field-effect mobility decreases first and then
increases when the S atomic ratio increases from 0 to 1 (Figure 7f). As a result, it can be
concluded that the solid solution nanostructures with tunable composition and electrical
properties, either in the form of 1D nanowires or 2D nanosheets, are promising candidates for
the design and integration of high performance FETS.
5.2 Energy storage devices
5.2.1. Solar cells

Band gap flexibility and controllability of semiconductor solid solution nanomaterials
provide abundant material platforms with suitable band gaps in the fabrication of full-
spectrum solar cells.?® 522 Ternary CdSe,Tey. colloidal QDs are one of ideal materials for
QDs sensitized solar cells (QDSCs).[?> 251281 compared to single binary CdSe and CdTe,
ternary CdSexTe;1x solid solution possesses an enhanced light absorption edge extending to
NIR range and higher chemical stability.[**) Based on the type Il heterostructure between
CdSepssTeoss QDs and TiO, electron transfer layer, the excited photoelectrons of
CdSep45Teos5 light absorbers can efficiently transfer to the conduction band of TiO,, thus
realizing the separation of photogeneraed electrons and holes in solar cell. As a result, the
QDSC made of ternary CdSeg4sTeoss solid solution QDs exhibits a larger current density of

19.35 mA cm™, an open circuit voltage of 0.571 V and a power conversion efficiency (PCE)
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as high as 6.36% under simulated AM 1.5 light illumination ( 1000mW/cm?), which is much

higher than that of single binary CdSe, and CdTe QDs. To further increase the PCE of
CdSe,Tei1.x QDSCs, decreasing the trapping states on the surface of QDs is a valid approach
to reduce the recombination of electrons and holes. In this regard, a CdSe:Mn layer was
introduced on the surface of CdSexTe;x QDs by bath method and the PCE as high as 8.14%
can be obtained.!*?® In addition, the core/shell structure of CdSe,Te;/CdS QDs also showed
the possibility to further improve the PCE,**1 and the recorded PCE of 9.48% can be
achieved through the further coating of barrier layers of a-TiO, and SiO, around the sensitized
photoanode.
5.3 Photocatalytic applications

In addition to the above-mentioned applications of optoelectronic and energy storage
devices, the emerging photocatalysis application of semiconductor solid solution
nanomaterials has also aroused global attention in the field of environmental processing and
clean energy production. Compared with pure binary semiconductor photocatalyst, solid
solution nanostructures can realize the optimization of photocatalysis performance by
engineering the band gap on the basis of maintaining adequate redox capability of
photogenerated electrons and holes through varying the solubility. In combination with the
morphology and size control, it is possible to prepare ideal solid-solution photocatalyst with
superior QE toward commercial utilizations. To date, the photocatalytic applications of
semiconductor solid solution mainly focus on the field of photodegradation of organic

pollutants, photocatalytic and photoelectrochemical (PEC) water splitting.

5.3.1. Photodegradation of organic pollutants
Compared with conventional water processing techniques like physical adsorption, ultra-
filtration and electrocatalysis degradation, the degradation of pollutants based on a

photocatalytic process possesses superior advantages of low cost and high efficiency in
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purifying and decomposing low concentration of organic pollutants (COD < 300). In this case,
organic polluants are directly decomposed and oxidized into non-toxic small moleculars and
the final production of CO, in the presence of semiconductor photocatalysts, light
source/sunlight and oxidizing agents of oxygen/air. As shown in Figure 8a;, the electrons in
the valence band can be excited to the conduction band when the photocatalysts are irridated
with light possessing higher energy, which simultaneously produces holes with positive
charges in the valence band. The generated holes can either directly oxidize organic pollutants
or indirectly react with water to produce -OH radicals for oxidizing contaminents, whereas the
corresponding electrons can reduce the absorbed O, to form O, and the following -OH
radicals. However, the current UV-sensitive photocatalysts such as TiO, and SrTiO3 have a
limited utilization of solar energy in spite of their strong redox capability to produce -OH
radicals. On the contrary, semiconductor solid solution provides an accessible approach in
tackling this problem through facile band gap engineering.? %* 21 For example, (GaN)..
x(ZnO)x solid solution photocatalysts discovered by Domen group in 2005 exhibited
outstanding  visible-light-driven  photocatalytic ~performance.’®™ In terms of the
photodegradation performance, the removal of four polycyclic aromatic hydrocarbons (PAHS),
namely phenanthrene (PHE), anthracene (ANT), acenaphthene (ACE), and benz[a]anthracene
(BaA) was investigated in detail using (GaN)..(ZnO)x photocatalyst with Pt modification.™*!
It showed excellent activity and stability for the photodegradation of PAHSs
(PHE>BaA>ANT>ACE) and the loading of Pt nanoparticles leads to an obvious
improvement of photocatalytic activity. The mechanism examination evidenced that the
degradation of PAHs was induced by the photogenerated holes of (GaN);«(ZnO)x solid
solution photocatalyst and active H species derived from the reduction reaction of
photogenerated electrons. To further study the solubility (band-gap) dependent
photodegradation performance, (GaN);-x(ZnO)x solid solution nanocrystals with wide

composition range (x=0.25-0.85) and tunable band gap of 2.38-2.76 eV have been
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successfully synthesized via sol-gel and nitridation method (Figure 8a;).**! Series of phenol
photodegradation experiments revealed that (GaN)o 25(Zn0)o.7s has the suitable band gap of
2.76 eV for efficient visible light absorption and powerful photocatalytic capability in
removing phenol. The loading of 1wt% Ag nanoparticles on (GaN);.x(ZnO)x solid solution
nanocrystals can further improve the activity of phenol photodegradation with an order of
magnitude because of the enhanced photogenerated electrons transfer efficiency at the
interfaces (Figure 8ay).

In addition to (GaN)1«x(ZnO)x quaternary solid solution, ternary CdS,Se;x nanowires,*%!
Zn1.xCd,SE¥ and ZnS,0,.« nanoparticles™ were also extensively studied for the removal of
organic pollutants like methylene blue (MB) and orange (MO), due to their tunable band gaps
and strong visible light absorption in the visible region. The results show that these ternary
solid solution photocatalyts possess highly efficient and more stable photodegradation
performance under visible light irradiation compared to single binary materials. More
importantly, the above works provide more opportunities and insights into fundamental
research in developing high efficient visible-light-sensitive photocatalysts for environmental
processing. In combination with conventional water processing techniques for high
concentration organic pollutants, it will make a big difference and have a bright furture in the
filed of water treatments.

5.3.2 Photocatalytic and photoelectrochemical water splitting

Recently, the photocatalytic and photoelectrochemical (PEC) water splitting utilizing
solar energy for clean H, production have been considered to be an promising strategy to deal
with energy crisis. Figure 8b; shows the schematic diagram of photocatalytic water splitting
mechanism. The photoelectrons and photoholes generated inside the semicondctor
photocatalysts will be transferred to the surface active sites for water redox reactions. The
main challenge of this field roots in the synthesis of highly efficient photocatalysts with

broadening visible light absorption and low recombination efficiency for electrons and
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holes.™! In terms of adjustable light absorption, Zn;.4Cd,S ternary solid solution shows great
potentials in photocatalytic water splitting due to its suitable band gap in visible region. In
fact, Li and Gong et al. reported the cubic Zn;,CdxS nanocrystals with 0 < x < 1 and the
Zno5CdosS sample showed the highest H, production rate of 7.42 mmol-h™*.g*in Na,S and
Na,SO; mixed aqueous solution under visible-light (> 400 nm) irradiation.™*? Besides, Mei
and Pan et al. fabricated Zn;.xCd,S nanocrystals with a nearly full composition (0.2 < x < 1)
and hexagonal phase and it was found that Zny 4Cdo S showed the highest H, production rate
of 81 mL h*g* in the same condition.** To further enhance its photocatalytic performance,
an accessible strategy is to decrease the recombination efficiency of photogenerated charges
by forming heterojunction and cocatalytst decoration.™ %33 |n this regard, Liu and Guo et
al. prepared a new kind of nanotwinned ZnysCdosS photocatalyst with NiSy cocatalyst
decoration.™! The photocatalytic experimental results demonstrated that a superior H,
production rate of 44.6 mmol h™ g*and an internal quantum efficiency (IQE) approaching
100% could be achieved at a wavelength of 425 nm light irradiation in the presence of Na,S
and Na,SO;3 as hole scavenges.

In spite of a superior IQE for photocatalytic H, production, the demand of Na,S and
Na,SO;3; hole scavenges and the existence of photocorrosion for Zn;4CdxS solid solution
greatly limit its commercial use. The finding of (GaN);x(ZnO)x quaternary solid solution has
been considered as a breakthrough for visible-light-driven overall water splitting for H, and
0O, production.’®® 34 After tremendous efforts in the improvement of the light absorption and
cocatalyst decoration, Maeda and Domen et al realized a recorded H, and O, production rate
of 3.09 and 1.53 mmol h™*g*and the IQE of 5.9% in (GaN)gs2(Zn0)o.1s solid solution bulk-
powder photocatalysts decorated with Rh,-,CryO3 cocatalyst (2.5wt% Rh, 2wt% Cr) and post-
calcined at 823 K.**! Based on this work, Li and Zhu et al. further increased the IQE from
5.9% to 17.3% through delaying the charge recombination and increasing active sites via the

size reduction of (GaN)..,(ZnO)y photocatalyst.[? Figure 8b, shows the typical overall water
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splitting under visible light (A>400 nm) for (GaN)g2(Zn0O)e 15 Nanostructures. The long time
test of lasting half a year revealed a only 50% loss of the initial activity, and the regeneration
activity could be up to 80% of the initial activity again after reloading Rh,-,CryO3 cocatalyst,
which further indicates the excellent stability and durability of (GaN)1(ZnO),.*® In addition
to quaternary (GaN);«(ZnO)y, ternary InGaN nanowire with broadening visible light
absorption and excellent chemical inerteness was also an interesting material for overall water
splititing, which also shows an excellent photocatalytic activity. [57]

Comaperd with photocatlytic water splitting, PEC is another efficient approach to realize
water splitting for H, production and it has been considered to be possible for commercial
utilization at present if combining with photovoltaics. Different from the mechanism of
photocatalytic water splitiing, the excited electrons in the semiconductor photoanode are
directly transferred to cathode for water reduction, whereas the left holes move to the surface
active sites of photocatalysts to oxidize water for O, production (Figure 8c;). Simultaneously,
the external voltage of PEC can compensate the inappropriate conduction/valence band
positions and insufficient overpotentials of photocatalyst in photocatalytic water splitting,
dramatically improving the separation efficiency of photogenerated charges and finally
achieving superior IQE and SCE.'*Y In this filed, Sung and Lee et al. fabricated full
composition CdS,Se;x layer with sensitive TiO, nanowire arrays as efficient photoanodes.
The formation of type Il heterostructure between CdS,Se;x and TiO, facilitated sufficient
absorption of solar light and efficient separation of electrons and holes. The CdSy,Seos/TiO,
sample showed the highest photocurrent density of 6.8 mAcm™ and H, generation rate of 600
umol cm?h™ (Figure 8c,) in 1M Na,S solution under visible light irradiation (100 mW cm’
2.1 On the basis of the same considerations, Yang group proposed a modified core/shell
structure made of Si/InGaN hierarchical nanowire arrays as photoanode for enhanced PEC
water splitting.[’”

6. Conclusion
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In summary, semiconductor solid solution has attracted considerable attention and
achieved great progress in the aspects of material preparation, property tailoring and
applications over the past decades. After tremendous efforts, the family of semiconductor
solid solution has been broadened from simple binary-system (SiGe) to abundant ternary-
system (ZnCdS, CdSSe, InGaN, GaPAs, etc.) and then complicated quaternary-system
(ZnCdSSe, GaN-ZnO, GaP-ZnS, GaAs-ZnSe, etc.). More importantly, semiconductor solid
solution nanostructures including nanowires, nanosheets, QDs, etc. have emerged to be the
research focus compared to their traditional films and bulk powders. The formation principle
based on structure symmetry and crystal lattice matching is concluded for solid solution
nanostructures and series of synthetic technologies for obtaining the solid solution
nanostructures with controllable solubility have been developed. Up till now, various
semiconductor solid solution nanostructures with different morphology and wide solubilities
have been obtained as shown in Table 1, which can realize the flexible and efficient tailoring
of band gaps, optical and electrical properties in a large range. In addition, some peculiar
phenomenon like band-gap shrinking and drastic change of electrical properties has been
observed in the quaternary solid solution nanostructures. Based on the excellent and
tremendous properties, semiconductor solid solution nanostructures have been widely used for
the fabrication of high-performance and sensitive optoelectronic nanodevices, the harvesting
of clean energy, and the photodegradation of organic pollutants, which exhibits an enhanced
performance compared to semiconductor components.

Despite of the significant progress in the design and effective property tailoring of
semiconductor solid solution nanostructures, there are still some challenges in achieving the
alloyed semiconductors with decent crystal quality, accurate composition and fully-tailoring
band-gaps in most material system. In most cases, the band-gap engineering and related
property tuning can only be realized in a given composition region far beyond our expectation

for the device integration. Even though the continuous band-gap tailoring has been observed
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in some semiconductor solid solutions, the structure defect generated from the lattice constant
difference will degrade the corresponding optoelectronic properties to some extent. Therefore,
some state-of-the-art technology for synthesizing high-quality semiconductor solid solution
nanostructures should be developed to solve these issues for further enhancing the properties.
In addition, the fundamental understanding of the mechanism for any abnormal property in
semiconductor solid solution nanostructures should be further comprehended based on more
pervasive experimental evidences in atomic scale. For instance, the smaller band-gap and the
drastic increase of resistance in quaternary semiconductor solid solution nanostructures need
further investigation in theory and experiment to disclose the exact mechanism. The exact
substitutions of cation and anion in quaternary semiconductor solid solution and their effect
on the band structures should be clarified. In addition, the contradiction of structural matching
and valance state matching in quaternary solid solutions made of group I11A-VA and 1IB-VIA
elements still requires more deep and systematic theoretical explorations to disclose the
formation mechanism of this complicated material system. In other words, the electron
charges inside the quaternary solid solution can not maintain stable when the solid solution is
structurally balanced with stoichiometic ratios of cations and anions. On the contrary, the
equilibrium of electron charges in the quaternary solid solution will lead to the instability of
structure, which will in turn produce large amount of structural defects such as vacancies.

The alloying of different semiconductors into a solid solution has been demonstrated as a
powerful way to tailor the band gap and related optoelectronic properties of semiconductors,
and various applications have been realized. It is anticipated that the properties of
semiconductor solid solution nanostructures can be further enhanced to meet the requirements
of diverse applications if the above-mentioned challenges can be effectively addressed. For
example, for the epitaxial growth of solid solution nanowires, it is essential to choose suitable
substrates with smaller lattice and thermal expansion mismatching coefficient to decrease the

density of misfit dislocations. With regard to solid solution nanostructures containing volatile
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elements like Zn, As, etc., the concentration of cation or anion vacancies generally appear to
be much higher than that in ordinary solid solutions. As a result, it is important to optimize the
growth temperature and carry out subsequent annealing process to decrease the vacancy
density which influences the optical and electrical properties. Additionally, it is also expected
to develop some innovative approach to improve the quality of semiconductor solid solution
nanostructures with a low density of defects and wide solubility range. Semiconductor solid
solutions with excellent optical, electrical and band gap tunable properties have made great
contributions in the development of versatile applications. Among them, LEDs based on
ternary InGaN and AlGaN single crystal film have changed our life style. Based on the
improved synthesis technology and properties, it is believed that semiconductor solid solution
nanostructrured LEDs, lasers and photodetectors will play an important role in the field of
displaying, medical micro-instruments, and robots in the near future. In the other field of solar
cells and photocatalysis, semiconductor solid solution nanostructures can also provide a good
platform for the fundamental research. Finally, it is expected that more semiconductor solid
solution systems with accurate property tuning will be created for the promising and advanced
applications in a variety of fields.
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Table 1. Summary of all the solid solution nanostructures.
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Classification Materials Methods COT::::;LUO“ Emission peaks Band gaps Ref.
Binary solid Si . Ge, CVD, MBE, TP 0<x<l1 820~962 nm 1291.5 ¢V [13-15, 138,
solution 139]
MOCVD, CVD, _ [39, 40, 43,
AlGarN Vel 0<x<l1 210-365 nm 3.7~62¢eV 140]
CdS,Ser CVD, TP, ED 0<x<l1 507~710 nm 1.74-2.44 &V [23’92%7’
MBE, MOCVD, - - [12, 66, 74,
In,GaN HOVD. MOVPE 0<x<l1 380-720 nm 1.12-3.43 eV )
MOCVD, CVD, [120, 124,
In,Ga. As Vst 0.01<x<085 857~930 nm 036~1.4 ¢V il
n,Gay.P MOVPSET’ MBE, 0<x<lI 580~950 nm 135226 eV [9%;‘4’
ZnCdTe ST, CVD, HT 0<x<1 490~660 nm 1882530V [93,94, 146]
Z0,,Cd S HT, CVD, ST 0<x<1 428-590 nm 21434 eV [19, 32-36]
Zn,.Cd,Se ST, CVD, HT 0<x<l1 425540 nm 1.74-2.67 eV [”15‘;;]47’
ZnSecTeorn MBE, ST, HT 0<x<1 430-467 nm 209287 &V [149-151]
CVD, MOCVD, B [91, 96, 152,
Ternary solid ZnS,.Se, i 0<x<1 325-475 nm 270-35 eV 193]
solution CdSe,Ter.x HT, ST 0<x<I 600~830 nm 148~1.73cv 2% f5951154’
TnP,.Sbs MOVPE 0<x<027 [65, 156]
MBE, MOVPE, [18, 68,71,
InAsy.Sb, MOCVD. g7 004<X<0875 770-870 nm 0.18-0.38 ¢V o
GaAs,.Sb, MBE%SVPE’ 0<x<093 844-1760 nm 0.71~1.47 &V [157-159]
ALGa,.P MOVPE 0.05<x<028 580950 nm 135226 oV 73]
CVD, MOVPE, [76. 80, 160,
InP,.As, ihn 0<x<l1 860~3070 nm 0.35~1.42 ¢V 61
70081 HT 0<x<l1 380nm,490nm 27eV [13106’31](’2’
Cd.He, Te reflux, HT, 0.15<x<0.85 712852 nm 1.45~1.74 ¢V [821*6:1;]64’
Gaxn2Sb MOVPE 0<x<1 [166]
MBE, MOVPE, [79, 167,
GaAs,.P, o 0<x<I 653~873 nm 135223 ¢V i
(GaN),A(ZnO),  CVD, TP, ES, ST 0<x<1 410~505 nm 22276V [22*15 éﬁs
GaZnScAs CVD : 470-832 nm 1492.64 oV [59]
ZnCdSSe ST, PLD, CVD 0<x<1 350710 nm 175355cV  [44-47, 169]
Quaternary 9, 10, 56
solid-solution (GaP),«(ZnS), CVD 0<x<1 345~729 nm 24-3.6eV , 57,] )
(GaP), (ZnS¢). CVD 01<x<00 550650 nm 19522 oV 58]
Zn,.,Cd,Se,., Tey MBE x=0.13, y=0.02 532 nm [48, 49]
GaraInAs;,Sb, CVD x=0.35, y=033 [50]
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Figure 1. The elements in the periodic table to form possible semiconductor solid solution in

this review.
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Figure 2. (a) STEM-HAADF and (b) TEM and schematic illustration images of CdS;.xSex
nanoplates; (c¢) Corresponding photograph of samples under UV light. Reproduced with
permission.”” copy right 2017, ACS; (d) Real photograph and (e-g) typical SEM images of
GaP-ZnSe solid-solution nanowires with different ZnSe ratios. Reproduced with
permission.”® copy right 2015, WILEY. (h-j) Schematic illustration and (k-m) typical
HRTEM images of three WZ GaN-ZnO nanorods with different percentages of {10-10}, {10-

11} and {000-1} facets. Reproduced with permission.>> copy right 2016, RSC.
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Figure 3. (a) STEM image of an Au-catalyzed GaP-ZnS solid solution nanowire; (b-f)
spatially resolved elemental mappings of P, S, Ga, Zn and Au, respectively; (g-i) XRD,
HRTEM and SAED pattern of GaP-ZnS solid solution nanowire. Reproduced with

permission.'”! copy right 2013, ACS.
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Figure 4. (a) Experimental CVD set-up consisting of three inner quartz tubes which supply
the reactive gases, InCls, GaCl; (N, carrier) and NHj, and two independently controlled
heating tapes which tunes the vapour pressure of the InCl; and GaCl; precursors, respectivly.
Inset: photograph of an sample on quartz and a PL image from a section of substrate (right).
Reproduced with permission.'? copy right 2007, Nature Publishing Group. (b) Experimental
CVD setup and (c) the growth processes for composition and band gap graded ZnCdSSe

nanowires, respectively. Reproduced with permission.*®! copy right 2011, ACS.
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Figure 5. (a) Color CCD image and (b) SEM images of InGa;«N nanowires with x = 2.8%,
10.5%, 25.0%, 33.5%, 36.7%, 53.3%, 64.4%, and 72.4%, respectively (from left to right). (c)
Visible PL emissions (x=0-0.6) and (d) optical absorption spectra (x=0-1.0) of the In,Ga,xN
nanowire arrays taken at intervals across the substrates. Reproduced with permission.?
Copyright 2007, Nature Publishing Group. (¢) Temporal evolution of the absorption spectra
of (CRGDS+Cys)-capped CdZnTe QDs, respectively. Note that the ratio of CRGDS and Cys

was 1:1. Reproduced with permission.®® Copyright 2012, ACS.
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Figure 6. Schematic illustration and top-view FE-SEM images showing the parallel assembly
fabrication of (a;.,) c-plane oriented LED and (ass) m-plane oriented LED with p-
GaN/InGaN/GaN/n-GaN NW structure; (as, as) Corresponding EL emission spectra.
Reproduced with permission.'® Copy right 2014, ACS. (b1) Schematic illustration, (b,)
STEM-HAADF image and (b3) EL spectra of semipolar AlIGaN LED device; Reproduced
with permission.”®! Copy right 2016, WILEY.. (c1) Thin coating of the Zng.¢3Cdo7Se QDs on
a glass slide illuminated by a commercial UV lamp; (c2) High resolution transmission electron
microscopy (HRTEM) image of the Zngg3Cdoo7Se QDs. (c3) Corresponding PL spectrum;

Reproduced with permission.™**! Copy right 2009, ACS.
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Figure 7. (a) Optical microscopy image and (b) output characteristics of a typical back-gated
FET made of a WS,,Se;»« hanosheet (x=0.813; scale bar =5 um). (c) Corresponding transfer
characteristics; inset, log plot of ls-Vy curve. (d) Transfer characteristics, (e) threshold

voltage (V:) and (f) field effect mobility of WS,,Se,»x nanosheet transistors with different S
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atomic ratios from nearly pure WSe, (brown curve) to nearly pure WS, (black curve).

Reproduced with permission.**? Copy right 2016, ACS.
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Figure 8. (a;) Schematic illustration and (a,) real phenol phototdegradation performance over
(GaN)1.«(ZnO),/Ag composites under visible light irradiation. (A>400 nm; 100 mW cm;
phenol concentration: 10 mg mL™) Reproduced with permission.!*® Copy right 2017, RSC.
Schematic illustrations of (b;) photocatalytic and (c;) PEC water splitting. Reproduced with
permission.*Y) Copy right 2014, RSC. (b,)Typical overall water splitting under visible light
(3>400 nm) on the (GaN)og2(Zn0)g.15 Nanostructures. Reproduced with permission.’* Copy
right 2014, WILEY. (c;)Time-dependent H, evolution at a potential of 0.5 V using NC
samples (TC1-TCB6) as the photoanodes. Reproduced with permission.'*” Copy right 2014,
RSC.
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