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Light matter interactions in spin-controlled devices, which are also known as dilute magnetic semi-
conductors, have gained significant attention in the past few years. The strong electron—phonon
interaction and outstanding excitonic behavior of I1-VI semiconductors are advantages over llI-V semi-
conductors, especially in low-dimensional systems. Herein, we comprehensively review the spin-
exchange interactions induced by transition metal ion doping through sp—d exchange, which enhances
the possibility of spin-based photonics in binary and ternary alloys and transition metal ion-doped 11-VI
semiconductors. For one-dimensional structures, few magnetic ions can ferromagnetically couple to
form exciton magnetic polarons, resulting in coherent spin-polarized emission, which opens a new

Received 22nd May 2024, horizon for the development of tunable bandgaps, active waveguides, tunable emissions and lasing at
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microcavities. Lastly, we extend the discussion to the most recent advancements of one-dimensional
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1. Introduction

Incorporation of transition metal (TM) ions in II-VI semi-
conductors and their ternary alloys induces spin-carrier injec-
tion and spin-spin coupling due to their p-d hybridization
(involving anions and TM ions) and has been extensively used
for dilute magnetic semiconductor (DMS) applications. DMSs
are an emerging class of semiconductors that exhibit both
semiconductor behavior and ferromagnetic response. For their
practical application, DMSs must show ferromagnetic response
at room or above room temperature according to the theoretical
prediction of ferromagnetic display in wide bandgap semicon-
ductors by Dielt et al.' Extensive research on II-VI-based DMSs
over the last two decades has led to the construction of DMS-
incorporated structures such as quantum wells and superlat-
tices. The exchange interaction between the (s, p) bands of the
host lattice and d-band of magnetic ions is responsible for the
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structures for device applications and their possible prospectives in future technology.

magneto-optical and magneto-electrical effect at room temperature.
The d-d transition peaks of transition metal ions in II-VI semi-
conductors are influenced not only by the exciton recombination
process but also by spin-related couplings.” Based on the recent
advancements in DMSs, antiferromagnetic (AFM) coupled ions have
been observed at room temperature, which show the d-d intra-band
transition peaks at a higher energy level than FM-coupled ions.
Spin-related micro-photoluminescence (PL) response and theoreti-
cal studies revealed a red-shift in the d-d transition peak of the
Mn(u) ions in FM systems, enabling bosonic lasers and other
spintronic applications. Polarons are quasi-particles that interact
in the quantum state coupled with the spin of localized magnetic
ions in DMSs, which are called magnetic polarons. Magnetic
polarons are subdivided into bound magnetic polarons (BMPs),
free magnetic polarons (FMPs) and excitonic magnetic polarons
(EMPs). EMPs are self-organized magnetic quasi-particles formed by
excitons in DMSs. At high excitation power, EMPs merge due to the
overlapping tails of their carrier wave function and form a long
cluster of collective magnetic polarons, creating a large ferromag-
netic domain. The large collective response of the exciton magnetic
polaron state pronounced the bosonic behavior.?>™ Spintronics is an
advanced device technology that utilizes quantum spin states of
electrons and controlled charge states (spin up and spin down)
for the fabrication of magnetic memory devices or switching
applications. In this case, the integration of electronics,
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magnetism and spin in single devices is an extremely important
research topic for the development of spintronic devices. An
important task related to spintronic devices such as MRAM,
spin LED and spin FET is to effectively and efficiently enable the
spin injection within materials to control the spin transport and
detection within semiconductor devices.®™®

II-VI semiconductors especially zinc chalcogenides (ZnO,
ZnS, ZnSe, and ZnTe) and cadmium chalcogenides (CdS, CdSe
and CdTe) have been intensively studied in the field of one-
dimensional (1D) nanostructures due to their superior optical
properties.’™'* Particularly, 1D nanostructures with a size in the
range of a few nanometers (lateral dimensions between 1 to
100 nm) have attracted significant attention over the past three
decades due to their numerous fascinating properties, which
can be tuned by changing their shape, size and growth
conditions.'**® Accordingly, it is important to investigate the
various optical phenomena such as electron-exciton inter-
action, electron-phonon interaction, and other emissions such
as donor-acceptor pair exciton and anti-site emission in 1D
nanostructures to understand their crystal quality and sensitivity
to light. Zinc and cadmium chalcogenides possess bandgaps in
the spectral range of 2.25 eV to 3.37 eV (visible to UV) and 1.4 eV
to 2.42 eV (NIR to visible), respectively, and their direct bandgap
together with quantum confinement make them suitable for
future optoelectronic applications. Furthermore, the bandgap of
ternary alloys of II-VI semiconductors can be tuned based on
their stoichiometric ratio, resulting in a response to multi-
spectrum wavelengths. Thus, utilizing the quantum confine-
ment effect in 1D nanostructures of ternary alloys has attracted
significant attention for bandgap tuning in technologically
motivated research based on photon absorption or emission,
which are synthesized via physical deposition methods such as
chemical vapor deposition."®™®

1D structures (scaled down to the submicron range) have
shown unique properties in extensive and novel applications. The
1D structure of nanowires (NWs) and carbon nanotubes (NTs) has
attracted great interest in curiosity-driven and technology-
motivated research, which were originally called “whiskers” but
more recently known as nanobelts (NBs)."® As the size of structures
is scaled down from the bulk to 1D (scaled down to submicron
range), the exchange interaction between spin and carriers
becomes predominant, and consequently their optical and elec-
trical properties can be modified using an external magnetic field,
which is commonly applied in spintronics, optical imaging and
fields.® In the last decade, high-quality II-VI ternary alloy 1D
nanostructures have been prepared for the fabrication of tunable
nano-lasers, LEDs, solar cells and photodetectors with elaborate
control and reproducibility achieved by various research
groups.>'* Therefore, the current progress in 1D nanostructure
ternary alloys of II-VI semiconductors has strengthened the
expectation of their pivotal role in the future energy conversion
and biological applications (Fig. 1).'®** Different prototypes
have the capability to assemble and integrate individual struc-
tures into functional devices on a large scale. In this case, 1D
hybrid nanostructures are highly appropriate in various opto-
electronic applications such as type-I and type-II junctions.
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Specifically, type-I junctions exhibit high fluorescence and light
emission yield (LEDs and lasers), whereas type-II junctions
facilitate the formation of e-h pairs with improved energy
conversion efficiency.>*

In this review, we explore the curiosity-driven/achievement and
technologically motivated research in the past decade related to
1D micro/nanostructures of II-VI semiconductors and their appli-
cation in the device industry. In the introduction, we present a
general background on 1D nanostructures related to II-VI semi-
conductors and their ternary alloys and TM doping in II-VI
materials and their ternary alloys. The incorporation of TM results
in spin-carrier injection, spin-spin coupling among TM ions and
p-d hybridization, which endow direct semiconductors with
multitudinous potential in photonic and optoelectronic applica-
tions. EMPs, BMP and localized EMPs are striking areas of
research on DMS, which need to be explore in 1D systems. Finally,
we discuss the future perspectives of 1D nanostructures of I1I-VI
semiconductors and their ternary alloys with and without doping,
and their potential for new device applications.

2. Synthesis of 1D nanostructures from
[I-VI semiconductors and their alloys

Various research groups have synthesized 1D nanostructure II-VI
semiconductors employing different techniques. In this case, each
synthesis mechanism is crucial for the growth of 1D nanostruc-
tures that have good reproducibility, crystallinity, and most impor-
tantly cost-effectiveness. Therefore, the investigation of the
chemistry and physics of nanostructures can reasonably facilitate
the control of the growth pattern, crystal structure and compo-
sitional complexity of materials for their practical applications
toward novel technologies.”®*” Lieber and co-workers reported
the application of NW in biochemical sensors, extracellular and
intracellular electrical sensors, molecule delivery, injectable
electronics, biosynthesis and optical neuromodulation for brain
science. Moreover, the importance of NW structures such as
axial, radial/coaxial modulated, branched and kink structures
are next-generation building blocks for bioelectronics, photo-
nics and electronic circuits. The high surface-to-volume ratio,
fast signal response, high temporal resolution and minimum
energy consumption of nanostructures highlight their impor-
tance for future applications.”*°

II-VI 1D nanostructure ternary alloys of cadmium and zinc
chalcogenides have been widely used in various applications due
to their tunable bandgaps behavior and excellent transport proper-
ties. The bandgap of binary alloys can be tuned by changing their
size; meanwhile, the bandgap of ternary alloys can be adjusted by
changing their composition.”’™* TM ion doping in binary and
ternary II-VI alloys can tune their bandgap together with magnetic
ion inner conversion and energy transfer within the crystal sym-
metry of the host II-VI materials. Therefore, light-matter inter-
action provides fascinating information and tunable optical
emission from ferromagnetic semiconductors, which usually
arises from the carrier-spin interaction, spin-spin coupling and
sp-d hybridization between the anions and dopant ions.”?**>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphical display of 1I-VI semiconductors.

2.1 Growth mechanism

The synthesis of 1D nanostructures from II-VI semiconductors
has been demonstrated by nucleation growth via a vapor phase
mechanism and solution process. The merits of the vapor
phase mechanism include the production of high-quality
II-VI crystal materials due to the high-temperature growth
process. Wagner and co-workers introduced the vapor-liquid-
solid approach, which is currently established and widely
employed to grow 1D nanostructures for different applications
together with device integration.*® Meanwhile, the solution
process is a relatively cost-effective method to prepare 1D
nanostructures at a lower temperature; however, it compro-
mises their crystallinity. In this section, we present in detail the
elaborate growth mechanisms and experimental techniques
employed to prepare high-quality 1D structures from II-VI
semiconductors and the recent developments in ternary alloys
for the production of high-quality and critical stoichiometry
materials for future application.?” %°

2.1.1 Vapor phase growth. Vapor phase growth involves
two main mechanisms, as follows: (i) nucleation growth and (ii)
absence of nucleation growth, which is also known as the vapor
liquid solid (VLS) and vapor solid (VS) mechanism. In the case

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of nucleation growth, a catalyst initializes the growth mecha-
nism and acts as the seed during the growth, in which the host
material is vaporized in the presence of a source gas and reacts
with the catalyst (as the seed) to form a 1D nanostructure. In
this case, the shape, size and morphology can controlled by
controlling the catalyst shape and size as a function of the
temperature.*™*!

2.1.1.1 Vapor-liquid-solid (VLS) growth. VLS growth is the
most extensively adopted process to synthesize high-crystalline,
flexible and large-scale 1D nanostructures. The kinetics of VLS
is based on the alloying formation of the catalyst and host
material, leading to the formation of single or branched-shaped
homo/heterogeneous nanostructures on a single substrate.
However, controlling the kinetics of VLS is challenging under
conventional conditions. Therefore, two-zone and three-zone
temperature furnaces are employed to analyze the fast kinetics
or in situ techniques such as transmission electron microscopy
(TEM) to investigate the growth kinetics in real time.**™** The
shape, size, crystal structure and morphology of the desired
material depend on the formation of a solid-liquid alloy or
adsorption of the liquid-solid interface in supersaturated form,
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which is affected by numerous parameters such as pressure,
deposition temperature and time, carrier gas flow and catalyst
droplet size.**** Moreover, the polarity of II-VI semiconductors
can be determined by dumbbell analysis via high angle annular
dark field (HAADF) scanning transmission electron microscopy
(STEM) imaging for high-medium atomic number and low atomic
number NWs obtained from the VLS mechanism. This change in
polarity in NWs leads to twinning or polymorphism at elevated
temperature. Therefore, HAADF and STEM provide suitable
information about the complex hetero-structures and hetero-
interfaces between polar and nonpolar semiconductors.*
Self-catalytic growth in VLS is a special case in which the self-
constituent metallic element serves as the catalyst for the
formation of the host compound, for example, Cd metallic
particles are used to grow cadmium chalcogenides. However,
Van der epitaxial growth in VLS also supports the self-catalytic
growth of micro/nanostructures based on II-VI materials on a
mica substrate, as reported by various groups. The growth of
high-quality micro/nanostructures is directly correlated with the
substrate temperature, source gas, flow rate, evaporation
temperature of the host material and growth time.*”~>°

2.1.1.2 Vapor-solid (VS) growth. The vapor-solid mechanism
is a spontaneous condensation process without the use of a
catalyst or metal droplet. The spontaneous condensation of vapor
into a solid is induced by a decrease in the Gibbs free energy of
crystallization or decrease in super-saturation.*>*® The reaction
temperature in the VS mechanism is slightly higher than that in
VLS, which accumulates anion-cation adatoms on the substrate.
The quality of the nanostructures obtained via the VS mechanism
directly depends on the growth temperature, time and super-
saturation ratio to realize the high diffusivity of the adatoms.
The VS mechanism is associated with the radial thickening
(formation of NB) and tapering of NWs at high super-saturation
at elevated temperature. In the case of II-VI semiconductors, there
are numerous reports on the growth of wurtzite phase crystal
structures as NBs under the appropriate ambient conditions.>*">*

2.1.2 Solution process. The solution process is also widely
used to grow 1D colloidal NWs at low temperature in comparison
with the VLS or VS mechanism. It exhibits numerous advantages
over high temperature growth methods such as controlled dia-
meter, surface passivation, solubility and large production. The
diameter can be controlled in the solution process either with help
of surface-capping ligands or surfactant-free method. In the
surfactant method, monodisperse metal catalyst nanoparticles
(NPs) having a diameter of a few nanometers help to grow colloidal
NWs, which is protected by surface-capping ligands around the
nanostructure. Alternatively, surfactant-free nanostructures are
prepared in squalene (as the solvent) and semiconductor precur-
sors, where the semiconductor precursor thermally decomposes
into nanodroplets, subsequently assisting the growth of NWs.>*"
Similarly, organometallic (metal with a low melting point) pre-
cursors are dissolved in an organic solvent at elevated temperature
and the formed liquid-metal droplets (few nanometers) act as a
catalyst to induce the nucleation process, followed by the growth of
1D structures of II-VI ternary alloys.>*°
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2.1.2.1 Solution-liquid-solid (SLS) growth. SLS is used to
synthesize crystalline structures below 200 °C in the presence of a
catalyst (Bi, In, Sn and Ga). Metallic catalysts are used to prepare
colloidal structures with various compositions and structures (such
as axial heterojunction and core/shell). SLS growth is similar to VLS
growth but differ by its low temperature in a controlled
environment. In SLS, the influencing parameter is temperature,
which controls the diameter of the rods and wires in the range of 2-
20 nm diameter.>>** Moreover, the preparation of various hetero-
structures of type-I and type-Il II-VI semiconductors has been
reported using the solution growth mechanism. In the case of
type-I (CdS/CdSe), excitons recombine in the core of CdSe and
CdS, serving as a concentrator to improve the light efficiency.
Alternatively, in type-II (CdSe/CdTe), they serve as two localized
charge carriers, exhibiting Coulomb interaction and exchange
interaction of interface-related exciton recombination.>***>®

2.2  Growth extension

2.2.1 Single nanowire array. Single NW arrays have been
achieved by epitaxial growth on a crystalline substrate. The
crystalline planes of the substrate effectively control the orienta-
tion of NWs on a large scale, which is very important for device
fabrication. II-VI NWs grown epitaxially on the surface of a
substrate with the lattice mismatch of less than 10% show a
tremendous photonic response. The building blocks for the
formation of NWs are the hetero-interface between the host
material and catalyst particles, facilitating the fast growth of the
structure perpendicular/vertical to the substrate surface together
with large tolerance to lattice mismatch.>® The epitaxial growth of
ZnO NW arrays was first reported by Yang and co-workers, which
have been extensively reported in a broad range of electronic and
photonic applications.®®®! Moreover, the fast growth of NW arrays
enable lattice relaxation in lateral dimensions, leading to the
formation of a large critical height prior to defect nucleation, as
reported for lattice mismatched epitaxial films. In this case, a high
growth temperature is suitable for the growth of high-crystalline
materials and epitaxial growth via the formation of covalent bonds
between 1D structures and the substrate, thus requiring the
corresponding in-plane parameters to overcome the crystalline
defects. van der Waals interaction or epitaxial growth provides a
strong chemical bond between heterojunctions with minimum
impact on their lattice matching. Thus, various II-VI nanostruc-
tures have been successfully grown using the van der Waals
epitaxial method, exhibiting strong luminescence behavior.*®

2.2.2 Heterostructure nanowires. Heterostructure nano-
structures are classified as (i) axial and (ii) radial structures.
Axial heterostructures have two different materials with the
same diameter, whereas radial structures have two different
materials with different diameters, which are also known as
core/shell nanostructures and first reported in 2002.°>' Hetero-
structure or heterojunction NWs have various advantages in
bioelectronics, solar cells and photonic devices. Lieber and co-
workers also reported that the formation of coaxial multishell
NW materials depends on the degree of freedom (DoF) of their
synthetic modulation and tuned properties, leading to advances
in nanophotonics.®> ** Moreover, branched nanostructures with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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heterogeneous or homogeneous junctions possess a more
complex design but open a new horizon in various energy-
related applications. Branched NWs with homo or heteroge-
neous junctions provide a higher degree of complexity to facil-
itate the design of interconnected hierarchical nanostructures
with rich electrical, optical, and chemical properties, especially
in energy applications.”>*” Wang and co-worker reported the
synthesis of heterojunction/hyper-branched Si and GaN NWs.®®
Dai and co-worker reported the preparation of CdSe/CdS core/
shell NWs via a two-step process and CVD.% Pan reported the
one-step thermal evaporation of multiple sources to synthesize
Si/CdS,Se; _, core/shell NWs.”*”* Moreover, the composition of
the CdS and CdSe precursors in 1D nanostructure CdS,Se;
NWs can alter their length via CVD together with composition
grading and formation of lateral and branched heterostructures
of CdS,Se;_,. In addition, Buhro reported the growth of ZnSe,-
Te;_, NWs by a solution process with a composition gradient.
Specifically, they employed a three-segment heterostructure
having ZnSe and ZnTe localized at the terminal ends of NWs
for the growth of the ZnSe,Te; , NWs.”*

2.2.3 Composition gradient/transition metal ion doping.
The composition gradient in 1D II-VI semiconductors exhibits
a broad range of tunable emissions in a single structure, which
is difficult to attain via planar epitaxial growth. The axial
direction growth of NWs is important inducing a bandgap
gradient via the vapor phase growth mechanism.”® The compo-
sition gradient and doping profile can be controlled by the
concentration or stoichiometry ratio of the precursors and
substrate temperature zone, as reported by Zhang and
others.””””® Similarly, TM ion doping in II-VI materials make
them suitable for future applications such as spintronics.”®™%?
The origin of ferromagnetism in semiconductors especially II-
VI semiconductors is related to the spin exchange interaction
between TM ion impurities and carriers available at the con-
duction or valence band through sp-d exchange interaction.
The available electrons in the outer level (3d and 4s) of TMs are
of great interest to explain the possible carrier-spin interaction.
Electron spin is a quantum phenomenon coupled with the
magnetic moment and degree of spin, which carries informa-
tion regarding spin up or spin down. In Mn, its 3d° shell is half-
filled and 4s> electron bonds to s-p°. According to Hund’s rule,
the 5d-electrons have parallel spin and opposite spin, requiring
a considerably large energy. Coulomb potential, carrier-spin
(electron-spin) interaction and Mn-Mn (spin-spin) interaction
are possible interactions reported in DMS by different groups.
Zou and co-workers reported the doping of various II-VI
materials 1D nanostructures with TM ions for DMS application,
which will be discussed in detail in the next section.

3. Fundamental optical properties of
[I-VI nanostructures

A wide range of direct bandgap materials is classed as II-VI
semiconductors, which normally exhibit high optical absorp-
tion and emissions within the visible range. Cadmium and zinc

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chalcogenides are promising potential II-VI materials in the
field of 1D nanostructures, which have been extensively studied
over the last two decades for various optical applications due to
their high quantum efficiency and light sensitivity. II-VI semi-
conductors possess wurtzite-type, zinc blende and diamond-
like structures.®"®* In the case of wurtzite-type structures, their
valence bands arise from p-states having lower symmetry than
diamond and zinc blende like-structures. Inversely, the mini-
mum of the conduction band is I'7 symmetry with an s-state.
The valence band is split into three sub-bands due to the spin-
orbit coupling and crystal field; A-exciton (I'9 or heavy hole), B-
exciton (I'7 or light hole), and C-exciton (I'7 or split-off (SO)
band). To investigate the optoelectronic or photoelectrical
behavior of II-VI semiconductors, it is necessary to develop a
deep understanding of the band structure-related exciton tran-
sitions. In this section, we highlight the recent progress in zinc
and cadmium chalcogenide binary alloys, ternary alloys and
TM ion doping in 1D nanostructure-related electronic and
optical transitions.

3.1 TM ion doping in cadmium chalcogenides (CdX; X =S, Se,
or Te)

3.1.1 CdS. Cadmium sulfide is an attractive II-VI semicon-
ductor material with a bandgap of 2.4 eV in the visible range,
and thus has been extensively used in various optoelectronic
applications. The 1D nanostructure of CdS exhibits strong
luminescence, high mobility and excellence transport behavior
in comparison with its bulk counterpart.®®* Given that II-VI
compound semiconductors are traditionally optically active,
the exploration of their luminescence properties is essential
for various optical applications. Excitons are quasi-bosonic
particles that freely move in the crystal lattice and describe
the bound state of an electron-hole (e-h) pair with electrostatic
Coulombic force interactions. Therefore, the carrier-carrier,
carrier-exciton and carrier-phonon interaction exhibit superior
features under an excitation wavelength.’®™> In comparison to
their bulk counterparts, nanostructures have a relatively higher
exciton-polariton coupling strength. Leite et al. reported that
the temperature-dependent multiple phonons in CdS under
different excitation powers exhibit strong electron-lattice
interaction.’® In addition, the typical luminescence process in
ternary alloys and TM ion-doped II-VI materials provides
suitable information to understand the transition state of
electron relaxation to the ground state.”*®°

3.1.1.1 Transition metal ion-related luminescence behavior.
TM doping in 1D CdS is quite interesting for DMS application.
This is because the d-d transition between the ground-state °A;
and first-excited “T; state of the ferromagnetic (FM) and anti-
ferromagnetic (AFM) coupled spin ions in the host matrix make
it useful in various spin-related applications.”*®” Ge et al.
reported the coherent bosonic lasing of EMP at 520 nm at
232.393 uJ ecm™? for Ni-doped CdS synthesized by the VLS
mechanism. 1D CdS with TM ion doping was excited at
different wavelengths (405 nm and 532 nm) to understand
the Mn*"* transition in the host CdS crystal symmetry.”® The
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EMP emission from the Ni(u)-doped CdS and Mn-doped CdS 1D
nanostructures synthesized by the VLS mechanism has been
reported by various groups. Moreover, Zhang et al also
reported that Sn-doped CdS exhibited a low threshold value
for an NW laser due to plasmon polaritons.’'%° The formation
of an LEMP emission in CdS is related to the formation of Ni
clusters even at a low doping concentration. A high doping
concentration (up to 2-4%) showed that the Nil, cluster emis-
sion in CdS is related to LEMP, which is consistent with the
theoretical ab initio calculation using the VASP software. The
localized and delocalized states interact with the d-bands,
showing LEMP due to the delocalized charge transfer effect of
coupled Ni ions surrounded by I and S ions. The LEMP decays
via the efficient hopping mechanism due to the high Ni doping,
exhibiting the corresponding behavior. Interestingly, the FM
coupling of the Ni(u) pair has a stable energy of 121 meV, which
is lower than that of the AFM Ni pair, indicating that the
incorporation of the Ni ion in the host lattice modifies its band
structure. According to the DOS, the d-band is occupied above
the Fermi level, which is close to the conduction band mini-
mum. The strong hybridization of the d-band with the valence
band dominants the exciton and exciton-spin interaction.
However, in the case of AFM, the metallic states of the
d-band are dominant and distributed cross at the Fermi level.
Another prominent effect known as the charge transfer effect
has also been reported, where the spin-down state contacts
with the continuum conduction band and the d-states can
extend the band edge to a lower energy. The charge transfer
effect in the continuum state combined with FM coupling will
lead to a second band near the highest d-level, which is called
bound EMP or BEMP. Therefore, the aggregation of Ni clusters
and FM coupling of the d-d transition energy states can exhibit
LEMP and BEMP in 1D NBs. The LEMP can form BEMP as FM
ion coupled with TM aggregate and doping formed charge
transfer at low energy side due to M-L cluster in CdS lattice
to produce single-mode lasing and EMP lasing as excited by
fs-laser. High excitation density of coherent exciton may lead to
the formation of coherent EMP or CEMP for lasing. The spatial
and energy difference between two EMPs and the BEMP (LEMP)
level have a much longer lifetime, lowest energy and limited
space. Therefore, the CBEMP state occurs at a smaller threshold
to produce lasing with fs pulse pumping. When the EMP threshold
value is achieved, EMP produces lasing through the formation of
CEMP with a coherent emission. Therefore, the bosonic nature
favors the formation of CEMP, LEMP and CBEMPs in the host
lattice to produce the EMP condensate for single-mode lasing,
which spontaneously coupled with spin will produce multi-exciton
emission. This new concept related to exciton-magnetic polarons
can tune the intrinsic microscopic interactions in strongly corre-
lated compounds related to the size and spin ion-doping ratio in
DMS. Therefore, the excitonic nature will produce multi-spin-
coupled polaronic excitonic states, which may lead to new mag-
netic and/or spin-related optical properties.’

Fig. 2a shows the electronic band structure of pure CdS and
Fig. 2b reveals the density of states for single Cd, S and CdS
through the sp hybridization of the occupied and unoccupied
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available states.”>*°*

Fig. 2c shows the Mn atom doping in CdS,
where theoretical studies predict that one Mn replaces Cd due
to the smaller ionic radius of the former, resulting in a spin
distribution iso-sphere and spin polarization. The Mn-related
d-d transition occurs when the TM ion is doped in the crystals
and the magnetic coupling within the lattice influences its
location. The binding energy of the Mn-3d state for the mag-
netic ion impurity in semiconductors can optimize the Hub-
bard parameter (U= 2.8 eV) for a 2 x 2 x 2 supercell, showing a
strong correlation with the experimental data for the d-d
transition in Mn-doped CdS.'®>'® Fig. 2c shows the spin-
polarized electronic band structure of single Mn-doped CdS
calculated along the high symmetry directions. In the case of
two Mn ion contributions, leading to 5.6% dopant impurity in the
supercell, the energy difference between the antiferromagnetic and
ferromagnetic states is 26 meV. The simulation results show the
favorable antiferromagnetic state for the long-range dopant in the
CdS nanostructure. The optical absorption of the electronic transi-
tion for the occupied and unoccupied states is shown in Fig. 2d for
pure and doped CdS. In the case of pure CdS, its absorption edge
occurs at 2.43 eV, which is generated between S-2p and Cd-2s with
the valence and conduction band. According to the comparison
with Mn-doped CdS, the doped sample has a weak band edge peak
intensity, which is shifted toward a lower energy value. In the case
of single Mn, its related emission is located at 2.20 eV, which is
close to the experimental value of 2.13 eV for the d-d transition,
while the double Mn ion peak is located at 2.38 eV. The d-d
transition of double Mn is larger than that of the single Mn ion
owing to the AFM coupling of the Mn ions in the CdS system.
Therefore, the d-d transition occurs between the °A; ground state
and first excited *T, state for the FM and AFM coupled Mn ions. In
the case of AFM coupling, one spin-up Mn ion interacts with the
empty spin-up state, exhibiting a blue shift in comparison with FM
coupling, as observed in the luminescence spectra of other II-VI
semiconductors." %%

Fig. 2g shows the PL spectra of 1D belt-like structures of both
undoped and Mn(u)}-doped CdS and Mn(u)-doped synthesized by
the VLS mechanism. The undoped CdS shows a strong near-band
edge emission at 508 nm and no emission peak after 525 nm.>"'%?
In the case of the Mn-doped samples, their luminescence spectra
show emission bands in the range of 570-900 nm, besides their
bandgap emission, as shown in Fig. 2g. The appearance of multi-
ple emission peaks in their emission spectra is due to the d-d
transition in the ferromagnetic (MnS), cluster. The emission peaks
at 510 nm and 518 nm in the doped sample are due to EMP, as
also reported for a nanocrystal (NC) by different research
groups.’® % Therefore, the tunable emissions with different
Mn ions in 1D CdS NBs make them interesting for various DMS
applications. These emissions are attributed to the interaction
between the free excitons and ferromagnetic cloud, as previously
reported in other II-VI materials.”” The yellow band emission at
572 nm is attributed to Mn>", which has been reported to be
located in the range of 576-598 nm and is assigned to the d-d
transition between the “T; excited state and the °A; ground state of
Mn”*. Besides the band edge, other emission peaks also appear
independently under a 532 nm excitation source below the band
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Fig. 2 (a) Calculated band structure and (b) TDOS and PDOS of pure CdS. (c) TDOS and PDOS of Mn-d, S-p and N-p for FM configurations in

Cd34Mn,S36. (d) Calculated optical absorption coefficient for pure CdS and Mn-doped CdS with and without N co—doping.95 (e) Temperature-dependent

micro-PL spectra in the bright-field optical image of an individual Mn-doped

CdS nanosheet. (f) Temperature-dependent PL peak positions of the band-

edge for CdS (purple), FXC (blue), BMP-1 (red), and BMP-2 (black) in the Mn(i)-doped CdS nanosheet. (f) AFM- and FM-coupled Mn ions in CdS.*%7 (g) PL
spectra of the obtained single undoped CdS and Mn?*-doped CdS belt at 300 K. The black line is from the pure CdS belt and the other lines are from the
emission of CdS doped with different Mn ions. (h) PL lifetime decay plots for the band-edge emission together with Mn?*-related emissions at room

temperature in an Mn-doped CdS single belt excited at 405 nm.1%?

edge with the presence of a near band edge emission at 515 nm
upon 405 nm excitation. This tunable emission owing to the Mn
interaction with the host material has rarely been reported for
DMS structures.*’®® Thus, the ferromagnetic exchange in this
(MnS)n cluster has strong coherent coupling between magnetic
ions within the lattice, which may lead to the formation of
localized exciton magneton polarons because of the p—d hybridiza-
tion and FM coupling.'*®™'° Fig. 2h shows the PL decay curves for
1D CdS with TM ion doping excited at different wavelengths
(405 nm and 532 nm) to understand the Mn*" transition with
the host CdS crystal symmetry.'®* According to the PL decay curve,
we can understand that the small change with a few nanoseconds
(ns) smaller than the free exciton lifetime indicates that it is related
to the combination of free excitons and EMP in Mn-doped CdS
and the large change is due to the presence of inhomogeneous
states (defects) in the structure. However, the steady changes in
lifetime in the same direction indicate the that the emission
spectra in the red to near IR region are related to the Mn ion
and no defect-related states are involved in the bands. A further
increase in excitation power will reduce the lifetime due to the
interaction of more spin states and large coherent coupling.******
Therefore, this lifetime in the range of 1 ns reveals the reflection of
spin-spin interaction during lattice relaxation, as reported in other
I1-VI semiconductors. Fig. 2e shows the luminescence spectra of
an Mn-doped CdS nanosheet, highlighting the three different
emission spectra in the range of (1) 440-550 nm, (2) 560-680 nm

© 2024 The Author(s). Published by the Royal Society of Chemistry

and (3) 700-1050 nm. The emission spectra in the range of
440 nm to 550 nm (green emission) at 78 K can be subdivided
into triplet emissions owing to the splitting of the valence band
into three sub-bands. According to the crystal field symmetry, the
spin-orbital interaction of excited electrons can occupy three
exciton energies [A-exciton (2.5535 eV), B-exciton (2.5675 eV) and
C-exciton (2.629 eV)].'%"'*'% Fig. 3f confirms the existence of
a band edge emission, free exciton emission and spin-exciton
interaction at low temperature. Moreover, the band-edge peak
emission as a function of temperature is mainly observed in wide
bandgap semiconductors.

Ge et al. reported the coherent bosonic lasing of EMP at
520 nm at 232.393 pJ cm™ > for Ni-doped CdS synthesized via the
VLS mechanism.”® Fig. 3a and b show the room temperature PL
spectra of doped and undoped CdS and a low temperature for an
Ni concentration of 1.54% in CdS NB, respectively. In the VLS
mechanism, the S vacancies are normally generated during the
growth of a 1D system in the presence of hydrogen in the source
gas. In the case of Ni**-doped CdS, the dopant atom substitutes the
Cd ion at a higher concentration but this may not happen for a low
doping concentration.****>'” Another important discussion is
the crystal symmetry of the host material and dopant ion inter-
action with the crystal symmetry. Under luminescence, the transi-
tion of the carrier excitation and de-excitation/recombination will
provide detailed information about the spin-carrier interactions in
semiconductors. Therefore, the EMP-related peak in Ni-doped CdS

Mater. Adv., 2024, 5, 6739-6795 | 6745
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(a) Micro-PL spectra of CdS NB at different Ni concentrations in the range of 480—-550 nm at RT. (b) Temperature-dependent micro-PL spectra of

CdS NB with Ni concentration of 1.54% in the range of 470-570 nm.?® (c) Temperature dependence of PL of single Co-doped CdS NB excited with CW
laser at 405 nm. (d) Magnified selected spectrum in the range of 470-530 nm, as marked by a rectangle.® (e) Spatial distribution diagram of the different

excited states in Nil-doped CdS lattice. (f) Electronic structure of CdS:Nil, NB, in which the nanocluster of Nil, is incorporate

will become dominant with an increase in the dopant concen-
tration, which is directly correlated with the coupling of the dopant
cation in the crystal symmetry. In the case of the pure CdS belt-like
structure, the redshift in its PL spectra is owing to deficiency of S
ion during its growth, which may lead to the formation of donor
levels in the conduction band. Consequently, the dopant ion
incorporated in the CdS lattice will induce more defects within
the host lattice, which may produce strong exchange interaction
with the spin magnetic ions with native defect states."*>"”'*® This
strong exchange interaction produces a broad EMP emission or
redshift at room temperature. Ge and co-workers reported an
increase in the intensity of the free exciton and EMP emission
ratio. The lattice shrinkage may weaken the electron-phonon
interaction at low temperature. At 80 K, different peaks appear
in the emission spectrum, corresponding to free excitons, EMPs
and antiferromagnetic magnetic polarons of Ni** pairs. Moreover,
the bosonic lasing of EMPS condensates out of complicated states
upon excitation by a femtosecond (fs) laser, as reported in other II-
VI 1D nanostructures.>"” The spectra ranging from the red to
near-IR region originate from the FM coupling with the Mn
clusters become prominent at a temperature lower than 260 K
owing to the localized EMP, as observed in Mn-doped CdS. The
same behavior of EMP formation has been observed in ZnSe Co-
doped NWs. However, the lowest transition level for Co-doped CdS
exhibits p-d hybridization through the high 3d state, which
normally possesses a longer lifetime."'® The low-temperature
luminescence spectra of Co-doped CdS reveal strong free exciton,
EMP and LEMP emissions, as shown in Fig. 3c and d. The TM in
the host material also results in a red shift in the band edge and
LEMP emissions due to the high level of d-d transitions from “T;
(P) to *A, (F) of the Co ion.>"**™*' When the temperature is lower
than room temperature, the slight blue shift in the intra-shell d-d
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transition emission in the emission spectra implies that the d-d
transition in Co-doped CdS is less localized than that in the Mn-
doped CdS lattice. Based on the VLS mechanism, various studies
highlighted the successful incorporation of TM ions in 1D CdS
NWs and NBs, which exhibit room temperature ferromagnetism
and anti-ferromagnetism. Ni-doped CdS crystals also exhibited a
broad EMP emission at 600 nm, which is attributed to the d-d
transition of *T;(P) to *T,(F) of the intrinsic Ni() ions in sulfide.
Gaussian fitting of the broad EMP emission based on experimental
data for Ni(u) doped in CdS revealed that the cubic crystal field
may split due to the reduced symmetry information; therefore, the
broad emission in Ni-doped CdS is due to its two-level emission,
which is difficult to distinguish in comparison with the Mn-doped
CdS nanostructure synthesized via the VLS mechanism."*”'%%13
Fig. 3e shows single Ni and I and coupled Ni + I doping in the host
lattice, resulting in an inhomogeneous DMS structure. Fig. 3f
shows the ion doping-related electronic structure of CdS:Nil, NB.
The EMP emission observed very far from the CdS:Nil, band edge
emission owing to the high magnetic ion concentration or defect
formation due to F or Cl during growth via the VLS mechanism in
the presence of hydrogen in the source gas. Meanwhile, Br or I
ions are heavy and may be co-doped with Ni in the host lattice,
exhibiting strong lasing phenomena, which will be detailed dis-
cuss in the lasing section. The co-dopant ion in the CdS lattice may
lead to the formation of exciton complexes or acceptor/bound
excitons or self-trap excitons, as shown in Fig. 3e, which have
different exciton spatial distributions within the lattice."****°
High-density EMPs can polarize and combine with the free
excitons in 1D NB of CdS:Co, leading to coherent emission
behavior at room temperature. EMP condensation in NB happens
due to the following reasons: (1) spin coupled with excitons and
phonons; (2) spin ion aggregation with FM coupling; (3) EMP is
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more stable than free excitons in materials having a higher
exciton binding energy than thermal energy, which are coherently
coupled through FM exchange interaction; and (4) the 2LO
phonon along the c-axis in a hexagonal structure has a large
transition probability and strong polarizability to interact with
excitons, favoring the EMP state in TM-ion doped semiconductors.
Due to its weak interactive force, highly stable spin-exciton-
phonon (LO phonon) polarization may exhibit a bipolaron emis-
sion in the PL spectrum at high temperatures. Moreover, the much
lighter effective mass of excitons than electrons in the CdS:Co
semiconductor results in their strong interaction with EMP con-
densation at a critical temperature. The steady-state spectrum
exhibits a two-band emission near the bandgap, which is related
to the free excitons and EMP at room temperature, as shown in
Fig. 3c, for 1D NB of Co-doped CdS. The second peak (518 nm) is
very close to the 2LO A1 phonon, which indicates that EMP
formation close to the band edge requires phonon polarization
in the same direction. Therefore, the orientation-dependent EMP
collect free excitons to condense and produce a lasing emission
even in the perpendicular direction. This coherent EMP condensa-
tion resulting in lasing in II-VI 1D structures needs to be studied
under ns laser excitation for a better understanding of the exciton-
exciton, exciton-electron, exciton-phonon and exciton-spin inter-
actions on variable timescales.'*** The spectral line width and
intensity are strongly dependent on the excitation power of Co-
doped CdS. In the case of the threshold power of 7.4 yJ, the linear
increase in intensity is due to the inhomogeneous distribution of
magnetic ions in the belt. Alternatively, for a threshold power of 16
J, the lasing line width and intensity are not very wide due to the
exciton—-carrier or exciton-phonon interaction, which may
involve lasing in single structures. This random lasing in 1D
structures depends on the exposed area, which is helpful to
understand the collective EMP lasing phenomena in doped
wurtzite microstructures.’®”'*® The collective EMP condensa-
tion favored by the 1D longitudinal polarization and FM cou-
pling of magnetic ions can be detected at room temperature for
a better understanding of the magnetic exciton BEC in DMS
nanostructures. The exciton magnetic polaron states in 1D NB
and NW appear due to the exchange interaction between the spin—-
carrier interactions, resulting in the formation of EMPs. The
overlapping tails of the carrier wavefunctions and spins result
in large cluster formations under a high excitation density and
respond as collective magnetic polarons to pronounce the
bosonic nature in NWs and NBs. Therefore, the collective EMP
condensate due to coherent light in nanostructures shows
photo-magnetism behavior, which increases the possibility of
modulating single-mode lasing by FM coupled with exciton in
DMS. The large EMP coherence space and optical or magnetic
modulation in the 1D nano/microstructure of wide bandgap
semiconductors need further study for their nanophotonic
application in future devices.?

3.1.2 CdSe. Cadmium selenide (CdSe) possesses a direct
bandgap (~1.74 eV), and thus exhibits n-type conductivity and
astonishing electronic and optoelectronic properties similar to
other II-VI materials."®®? Its wurtzite structure is more stable
than its zinc blende and rock salt (normally obtained at high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pressure)."”*"*” Deng et al. successfully prepared zinc blende
NC using low cost and green reagents. The preparation of 1D tube
CdSe nanostructures including NW, NB and NT has been reported
using both physical and solution synthesis mechanisms.'®” Dai
et al. successfully controlled the shape of CdSe NCs during their
synthesis and demonstrated that elongated nanorods (NRs) pos-
sess many interesting optical properties."*® Kuno et al. revealed
that the nanocrystallite emission originating from the surface-
related defects is due to its large surface-to-volume ratio.'*® How-
ever, its bandgap luminescence arises from its optically inactive
fine structure state or dark excitons. Meanwhile, Pan et al. reported
an enhancement in the luminescence spectra of CdSe NW and
NBs synthesized via the VLS mechanism."*® The growth of 1D
nanostructures is directed by well-confined structures, resulting in
high optical gain under high power, which are suitable for
ultrafine red-color lasing. In the case of 1D CdSe, the excited
electrons in its conduction band interact with phonons and rapidly
decay, which is in contrast with QDs of CdSe due to the phonon
bottleneck effect.’*"*** Mirov and co-workers successfully doped
TM ions in CdSe and other II-VI semiconductors to realize mid-IR
lasers."** The related ternary alloy dopants occupied the tetrahe-
dral sites in the cubic structure of the II-VI semiconductors
instead of the octahedral sites in the crystal. The tetrahedral sites
in the crystal provide a smaller crystal field splitting and shift the
emission to the IR region due to the presence of the dopant ions.

3.1.2.1 Transition metal ion-related luminescence behavior. To
understand the lasing phenomena in the CdSe matrix, it is
important to determine its spatial recombination through
spectroscopic measurements. CdSe NC has a poor band edge
emission, which is attributed to two main reasons, as follows:
(i) the optically inactive state at the bottom of its conduction
band, which is known as dark exciton and (ii) transition from
defects to the valence band. Interestingly, in the case of 1D
nanostructure CdSe synthesized via the VLS mechanism, it
exhibits strong luminescence at high excitation, which may
increase the population rate at the lowest conduction band
level. Alternatively, high crystallinity was achieved in the hex-
agonal CdSe nanostructure obtained via the VLS mechanism,
which exhibited the red color lasing line of individual crystal-
line CdSe NB, as reported by Pan."*%'3*135 Meanwhile, the size-
dependent and lateral thickness of the CdSe nano-platelets
tuned the LO-phonon corresponding to low exciton-phonon
coupling, large oscillator strength and energy spacing of both.
The optical transition energy related to the exciton-phonon
interaction in CdSe was controlled by its lateral size and
thickness by Achtshein.’®' CdSe platelet-like structures are
attractive for optoelectronics and enable control of the exciton
energy states based on their thickness; however, their lateral
dimension disparity in LO-phonon coupling is independent of
their thickness and lateral size.

Another major key feature of II-VI materials is that heavy
anions in the crystal field offer a low optical phonon energy
cutoff value and reduce the efficiency of non-radiative decay.
This decrease in efficiency provides the potential to realize a
high fluorescence yield at room temperature, as shown in
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Fig. 4a."*® Yu et al. synthesized CdSe nanoplatelets and nano-
ribbons doped with Mn** ions using the solution process
mechanism, as shown in Fig. 4b."*®* TM ion doping in CdSe
in low-dimensional systems (NWs, nanoribbon, etc.) results in
unique magneto-optical behavior, as characterized by various
spectroscopic analyses. Mn>" doping in CdSe results in strong
carrier-induced ferromagnetism due to the sp-d exchange
interaction between the magnetic ion and electronic state of
CdSe. Thus, quantum confinement at the nanoscale provides
dominant carrier-spin exchange interactions and opens new
horizons in the field of DMS."*”""*! Mikulec and Erwin reported
that the incorporation of Mn*" in ZnSe and CdS is compara-
tively more convenient than in the CdSe matrix. The probability
of Mn ion doping in the CdSe matrix is 50% for its bulk,
whereas in its NC, it is still challenging.'**'** The surface
adsorption of magnetic ion impurities during the nucleation
process at the nanoscale results in the formation of clusters,
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which known as magic-sized clusters suitable for uniform
doping in the host crystal. In the case of nanoscale or 1D
nanostructures, a reduction in their dimensions may increase
the possibility of quantum confinement and provide a low
probability of impurity ions adsorbed within the magic-sized
cluster. Yu et al. successfully doped Mn®>" ions in CdSe NC, as
shown in Fig. 4b."*®'** Magnetic ion doping in magic-sized
cluster formations during the nucleation stage of growth pro-
vides a uniform doping concentration in the host semiconduc-
tor. Cu®>*, Ag”" and other TM ions have been successfully doped
in NC, exhibiting a red-shifted broadband emission at room
temperature. Pan et al. prepared hexagonal CdSe NW- and NB-
like structures via the CVD method, which exhibited red-color
lasing within individual nanostructures.”*® Chen et al. also
prepared a 1D CdSe nanostructure via the CVD method, which
exhibited strong excitonic behavior at different temperatures,
as shown in Fig. 4c-e."*” Its temperature dependent absorption
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Fig. 4 (a) Normalized room temperature absorption and emission-gain spectra of Cr2* ions in ZnS, ZnSe, and CdSe crystals. Inset shows the
temperature dependence of Cr?* ion lifetime in ZnS$ (circle), ZnSe (triangle), and CdSe (square) crystals; Copyright © 2010, Wiley InterScience.™*® (b)
Absorption (blue line) and PL (red line) spectra of Mn-doped CdSe NPLs; Copyright © 2009, Springer Nature.**® (c) Low temperature (10 K) free-exciton
absorption of CdSe NWs. The solid curve is the multi-Gaussian fitting of the absorption spectrum. (d) Temperature-dependent mapping of the absorption
spectrum. (e) Free-exciton emission of CdSe NWs at various temperatures. The inset plots the dependence of the integrated PL intensity on the

reciprocal of temperature, and the solid curve is the Arrhenius fit with two activation energies, Copyright © 2011, Wiley.
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spectra at 10 K show that the strong emission spectra of the
exciton peak (1.8248 eV) and free exciton peak coincide with the
LO phonon (1.8515 eV) of CdSe NWs. Due to lattice expansion,
the low temperature mapping of CdSe NWs strongly exhibits
the exciton-phonon interaction. According to the Bose-Ein-
stein approximation, the exciton-phonon interaction function
of temperature and low temperature variation is very helpful in
analyzing the thermal expansion and exciton-phonon inter-
action due to bandgap shrinkage. Similarly, the temperature-
dependent luminescence spectra show an increase in intensity
at low temperature and the inset image in Fig. 4e shows the
difference in activation energy (5.40 eV and 18 meV), as
calculated using the dual activation energy model, where the
energy of 18 meV is comparable with the bulk exciton
energy.'*>'® According to the crystal field theory, the ground
state of the Cr*" ion is 5d to the upper levels in the visible
spectrum. The tetrahedral site of the crystal field (Tq) splits 5d
into triplet (°T,) and doublet (°E) states. In the case of Cr*", the
triplet state allows the transition between levels and the
allowed spin state, whereas in the case of Fe?*, the doublet
state allows the transition in the host matrix. Therefore, the
Cr”" jons can undergo a transition from °E (5d) to T, (5d),
which is promising for laser application. The John-Teller
mechanism and spin-orbital coupling are also responsible for
the energy splitting. Numerous reports have shown that Cr**-
doped CdSe exhibits direct lasing at room temperature. Simi-
larly, Chen et al. showed that a change in the excitation density
will enhance the spontaneous emission; therefore, multiple
peaks appear at 715 nm and 725 nm (above the threshold value
of 0.296 MW cm™?) at room temperature. These multimode
random lasing in a single structure of CdSe NW in the NIR
region make it suitable for NIR optoelectronic applications
such as lasers and  energy

SEnsors, conversion

devices‘133,147,148

Solution-processed colloidal QDs exhibit exciton and bi-
exciton lasing at room temperature. Their spectral symmetric
PL is temporally integrating the streak image over the nanose-
cond fitted by the pseudo-Voigt function for low and high
fluence provide information related to their exciton and bi-
exciton transition. The giant oscillator strength near the band
edge emission has strong coherent phasing strength, as corre-
lated with a single atom in the host matrix. Therefore, ultrafast
dynamics spectroscopy provides detailed information of the
carrier and decay kinetics in the picosecond (ps) domain. The
bi-exciton lifetime of the CdSe matrix is dominated by non-
radiative Auger recombination up to 10 ns, which is almost the
two order of magnitude larger than the measured radiative
lifetime. The streak camera images of a CdSe CQ well excited
with 1 kHz, 70 fs laser pulses and fluence of 20 puJ cm > with the
ultrafast time decay measurement value about ~10 ps unam-
biguously assigned the peak to the stimulated emission, pro-
viding evidence that the intensity-dependent spectra originated
from the bi-exciton transition within the respective energy
position at an ultralow threshold fluence.'*

3.1.3 CdTe. Similar to other II-VI semiconductors, CdTe
exhibits strong luminescence behavior and is an attractive

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

material for various optoelectronic applications such as solar
cells, photodetectors, and lasing. CdTe is a direct bandgap
(1.45 eV) semiconductor with inherent p-type conductivity due
to the presence of Cd vacancies, whereas CdS and CdSe show
n-type conductivity.'***> Tang et al. reported the spontaneous
organization of CdTe NWs from NPs due to strong dipole-
dipole interactions.'> Neretina et al. synthesized vertically
aligned CdTe NWs through a catalytically driven growth
method."** Hiesinger et al. studied both n-type and p-type CdTe
excitation spectra with exciton luminescence at 2 K.'** In the
case of n-CdTe, two peak lines appeared at 1.59375 eV and
1.59320 eV, corresponding to an exciton bound to a neutral
donor (D° X). The emission peaks at 1.5919 eV and 1.5893 eV
originated from an exciton bound to an ionized donor (D, X)
and exciton bound to a neutral acceptor (A°, X), respectively.
Alternatively, in p-type CdTe, all these emission lines appeared
stronger with two other emission lines at 1.5896 eV and
1.5898 eV corresponding to an exciton bound to a neutral
acceptor (A°, X). In the case of n-CdTe, the weak bands at
1.596 to 1.598 eV are assigned to the spin-triplet exciton, which
is also called the lower branch polariton (LBP) and upper
polariton branch (UPB) of free excitons, respectively. The
higher energy emission at 1.6031 eV is related to the n = 2
excited state of free excitons, whereas the low energy onset
showed the 1LO phonon sideband at 1.5747 eV. At 20.6 K, the
8LO phonon peaks appeared with a background, whereas at
1.8 K, the exciton coincides with the low energy threshold field
to increase the value at a low temperature. In the case of p-type
CdTe, the LO phonon peaks appear with lower intensity than
n-CdTe with two additional peaks. As the temperature
increased below 20 K, these two additional peaks due to neutral
acceptor (A°, X) disappeared between the oscillatory structures.

3.1.3.1 Transition metal ion-related luminescence behavior.
Various researchers have extensively reported TM ion doping
in CdTe for DMS and optoelectronics applications such as solar
cells. TM ion doping in II-VI materials is related to the 4d
element effect on both optical and electrical properties. Kurch-
atov and others research reported the successful incorporation
of TM ions within the II-VI host matrix, which exhibited IR
lasing emission at room temperature."> "’ Lafuente-
Sampietro et al. reported the resonant optical control of the
spin (single Cr atom) in CdTe/ZnTe QDs."”®"*° At 5 K, the Cr
spin relaxation was observed by a strong resonant laser field,
which is responsible for the Cr atom tuning optical Stark effect.
The circular polarized PL spectra of the magnetic anisotropy of
the Cr spin were induced by biaxial strain. The exchange
interaction between the spin atom and exciton further splits
the Cr energy level due to the high polarizability of the crystal
field. To understand the carrier dynamics in CdTe/ZnTe QDs
doped with Cr atoms, a pump probe experiment was performed
to observe the relaxation time and non-equilibrium distribu-
tion of the Cr spin population with a circularly polarized
resonant pump pulse. The peak intensity map of Cr doped in
CdTe/ZnTe QDs showed the low energy bright exciton state and
dark exciton. The Cr ion interaction with phonons in the
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system shows strong spin-phonon coupling at low tempera-
ture, which is an important step forward to control the TM ion
coherent spin for future spintronic devices.'>*%® Similarly, the
Cr spin is coupled with excitons near the valence band and
shows nano-magnetic behavior due to the optical pumping of
electron-Cr and hole-Cr. Resonance and non-resonance optical
pumping can be directly used as spin memory (write and erase,
respectively). Therefore, the spin channel can be studied with
polarized emission, which responds to the relaxation channel
of the Cr ion in II-VI semiconductors. Therefore, the optical
pumping- and power-dependent PL intensity-related tempera-
ture effect is directly affected by the hole-Cr spin near the
valence band and electron-Cr local generation of phonons.

Optical pumping shows the positively charged exciton and
relaxation of Mn-spin exchange coupled with confined hole
spin in CdTe. This spin can be observed under the optical
injection of spin-polarized carriers in the time domain of a few
tens of ns. Interestingly, the localized spin state can be con-
trolled by the charged state of strain-free QDs. Thus, the
magnetic anisotropy of an atom can be controlled by an
electrical field, making it suitable for miniaturized data storage
application for fine structure and strain-free QDs. This fine
structure shows the spin splitting of the Mn ion in the energy
range of a few meV coupled with heavy-hole spin near the
valence band of CdTe. Pumping and a magnetic field influence
the Mn-electron dynamics in the excited state and Mn-hole in
the ground state. In the case of zero magnetic field, the spin-
relaxation time of the Mn-hole is shorter due to valence band
mixing."””"*°7'*" PL time delay measurements can further
explain the dynamics of charge carrier interaction with the
optically active injection of spin polarized photo-carriers. Simi-
larly, Mn doped in CdTe QD shows a spin flip under resonant
excitation, which is mainly controlled by the carrier-spin
interaction. This coherent dynamics is directly observed in
the ultrafast time domain and localizes the spin ion in the
CdTe matrix.">”*3°71%1 The Bose-Einstein condensation (BEC)
of the exciton—polariton-related phase transition is related to
the quantum effect in the CdTe/CdMgTe microcavity at 5 K.'*?
The spontaneous quantum degeneracy of polaritons in the
CdTe microcavity excited by non-resonant pumping signifi-
cantly narrows the polariton emission line width. The conden-
sation of exciton polaritons in CdTe-based microcavity
condensation is not standard BEC due to leakage in the cavity.
The polaritons are non-interacting as bosons but do not follow
the conservation law above some critical density at a specific
temperature. Accordingly, the spatial coherence and macro-
scopic polarization through condensation can be used as a
polariton-laser in CdTe. Thus, for wide bandgap semiconduc-
tors such as ZnO and GaN, the polariton condensation builds
macroscopic polarization and spatial coherence for polariton
lasers with an increase in temperature.*®>%°

3.1.4 Ternary alloy of cadmium chalcogenides (CdX; X=S,
Se, Te). The excitonic emissions of II-VI semiconductors can be
easily observed at room temperature due to the fact that their
exciton binding energy is higher than thermal energy. There-
fore, many researchers have established optically pumped
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stimulated emissions of II-VI semiconductors and their alloys
1D nanostructures. Secondly, the low threshold within low
dimension II-VI semiconductors stimulates the excitonic emis-
sion, which is a prerequisite for lasing at room temperature.
Thirdly, the formation of an optical cavity in 1D nanostructures
(whispering gallery or Fabry-Perot mode lasing) enables lasing
action to be achieved."®*® In the case of ternary alloys, they
have advantages over binary semiconductors including wave-
length/bandgap tunability of multi-color lasing, as reported for
both Zn and Cd chalcogenides. Tunable emissions from the UV
to visible to NIR regions from Zn and Cd chalcogenide 1D
structures have been demonstrated via different synthetic
mechanisms such as VLS, VS, and solution process.””*”"172
Moreover, TM ion doping in the II-VI semiconductor matrix
also results in lasing phenomena; therefore, lasing phenomena
are often associated with exciton-exciton interaction, electron-
hole plasma and exciton-polariton near the bandgap. CdS
doped with Nil resulted in the formation of (NiS), and Nil,
clusters in 1D NB, exhibiting a dual lasing line in a single
structure at room temperature. Another important factor is the
exposed excitation area, which shows the lasing threshold in a
single structure in all directions, as observed in CdSe
nanostructures.' 1737175

A Cd-based ternary alloy CdSe,S;_, NW with a homogenous
composition was synthesized through a solution-liquid-solid
process by Yang and co-workers.”®'”® Ternary alloy nanostructures
have attracted significant attention owing to their continuous
tunable bandgap, making them suitable for various electrical
and optical applications such as photodetectors, solar cell, and
FETs. Rosenthal et al. reported the ternary NC of CdSe,S; _, having
different sizes and compositions; their results indicated that the
surface states are strongly correlated with the relaxation process of
photo-excited carriers, as studied by ultrafast fluorescence upcon-
version spectroscopy.”®"’® Colloidal CdSe,S;_, NWs exhibit
strong emission, which can be tuned in the range of 508 nm to
628 nm with a narrow spectral width together with a high
quantum yield. Therefore, the tunable and polarized emission of
CdSe,S;_» NWs provides greater insight to understand the exciton
dynamics for various optical applications, as shown in Fig. 5a-d.
Fig. 5a and c show the absorption and PL spectra of CdSe,S;_y
alloy NWs, respectively, where the variation in the composition
gradient shows a redshift in the bandgap tuning with an increase
in the Se ratio. A similar study was conducted for CdSe,S; _, alloy
NWs synthesized via CVD, NCs and quantum dots (QDs)."”%7°7182
At low temperature PL, the defect-related emission of different
compositions was suppressed except for CdSe and CdSey ,5S¢.75,
indicating that the formation of alloy CdSe,S;_, NWs can be
feasible for high-quality polarized LEDs, as shown in Fig. 5f. The
spectral broadening of the emission can be related with (i)
inhomogeneous broadening, (ii) optical phonon interaction and
(iii) acoustic phonon interaction at low temperature. Alternatively,
the bandwidth broadening can be related with (i) acoustic phonon
scattering, (ii) longitudinal optical (LO) phonon scattering and (iii)
exciton surface scattering. Below 130 K, for CdSe and CdSey 555075,
the acoustic phonons contribute significantly (dotted line comes
from inhomogeneous broadening and acoustic phonon scattering)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-vis absorption spectra of CdS,Se;_, prepared via a solution
Photographs of typical emission colors from the obtained alloyed NWs
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process and (b) PL spectra of CdS,Se;_, NWs with different Se contents. (c)
under UV 365 nm irradiation. (d) Energy gap—composition correlation of

CdS,Ser_x NWs, where the data points represent the value extracted from their respective PL.2® (e) Solid lines were fit using Varshni's law and the
temperature-dependent exciton—phonon model, while the dotted line represents the inhomogeneous broadening and the acoustic phonon scattering.
(f) PL spectra of varying compositions of alloyed NWs at 5 K. (g) Schematic of the kinetic model of exciton recombination in NWs.>® (h) SEM morphology
of ternary CdS,Se;_x NBs synthesized by CVD; (i) TEM image; and (j) and (k) selected area electron diffraction (SAED) pattern and HRTEM image,
respectively.”® (1) PL spectra measured at different composition along the length direction of a CdSSe NW. (m) Real-color photograph of CdS;_,Se, chip
and diagram of the sweat sensor and (n) real image of the as-prepared sweat sensor. (0) Cross-sectional SEM image of Pl-coated CdSSe NW chip.188

but above 130 K, the LO phonon and surface phonon contribute
more effectively and are responsible for the bandwidth broad-
ening, as shown in Fig. 5e. According to their luminescence
spectra, we can understand the recombination dynamics of
photo-generated carriers with the help of a schematic diagram
(Fig. 5g). This process can be described as follows: (i) photo-
induced excitons can localize in the valleys, (ii) radiative recom-
bination, (iii) generation of photoinduced excitons and
(iv) surface defects and (v) trapped electrons recombine with
trapped holes to produce defect-related emissions. However,
both the compositional gradient of alloys and nanoscale dimen-
sions strongly influence the exciton recombination due to the
surface-induced quantum confinement, as reported in different
studies.'®*"%¢ Therefore, PL decay measurement becomes an
effective tool to analyze the recombination process at a very low
excitation power. The preparation of CdSe,S; _, ternary alloys via
the CVD route was reported by Pan and other research groups,

© 2024 The Author(s). Published by the Royal Society of Chemistry

as shown in Fig. 5h-k.”>””"'”° Liw’s and co-workers also reported
the preparation of CdSe,S; _, alloy NWs for various applications
such as sensors, thermoelectrics (Fig. 51-0), wave-guides and
photodetectors in recent years.'®”'*® Besides ternary alloys of
II-VI semiconductors or heterostructures, radial core/shell
nanostructures are also are important for bandgap engineering,
which have attracted attention due to their special structural
characteristics and miscellaneous applications such as field-
effect transistors, solar cells, biomedical applications, and
memory devices.”>**7"'° In the case of type-II heterostructures
of CdSeTe, wurtzite (CdSe) and zinc blende cubic (CdSe) structures
can be achieved by controlling the temperature and ligand. More-
over, the Se and Te contents in heterostructures tune the bandgap-
related emission, while the diameter and shape of tetrapods affect
the emission linewidth."”" Low-threshold lasing for CdTe at the
surface of core of NW or NC exhibited a strong lasing emission
line. Colloidal type-II (CdSe/CdTe) heterostructures have minimal
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overlap of e-h wave function at the interface, which intensifies the
amplified spontaneous emission with a high density of charge
transfer and exhibits strong lasing at a lower threshold value.'*>
Interfacial type-II heterostructures lengthen the Auger recombina-
tion lifetime, which supports continued lasing, and the decrease in
oscillator strength between electrons and holes will intensify the
optical gain for LED and laser applications. Transient absorptions
show the multiple oscillation at a high pump power assigned to
acoustic phonon normally observed in single metal nanostructures
with a quality factor of 9-10. The inhomogeneity of CdTe NWs lead
to different charge carriers and charge trapping, which is related to
the surface and pump power."*

Pan et al. synthesized an axial NW-like structure of CdS/
CdsSSe via the VLS mechanism. The pumping fluence exhibited
two broad emissions at 520 nm (green emission) and 600 nm (red
emission) at a low pump power of 29 uJ cm™ 2, corresponding to
spontaneous emissions. Both emissions showed a sharp band-
width of 0.4 nm at a high power, demonstrating the stimulated
emission in the heterostructure. Moreover, the slight blue shift at
a power corresponding to electron-hole plasma formation at the
surface contributed to exciton-phonon scattering and red shift
due to the bandgap renormalization effect.”””” Guo et al. synthe-
sized a high-quality ternary alloy of CdS;_,Se, nanotripods for
broadband tunable single-mode lasing and high integration
optical circuits and photonics communication.'”® Various factors
such as the compositional variation and diameter of the tripod-
related cavity had a prominent effect on tuning the band gap of
CdS; _,Se, and single-mode lasing. Therefore, their tunable wave-
length has numerous applications such as wavelength-converted
devices, nanophotonic lasers and optical communication on
signal chips."”'**'% yang et al also reported the bandgap
tuning of colloidal NWs of CdSe,S; _, synthesized via a solution
process. At low temperature, their PL spectrum showed a surface
defect-related emission, corresponding to the excitons and loca-
lization states based on the compositional ratio of the NWs.
Therefore, the greater number of carriers localized in these states,
which do not move to the surface, possible enhanced the
radiative recombination in the ternary alloy.

The CdS/SnS, superlattice microwire synthesized via CVD
showed multiple emissions, which were modulated by the
excitons and photons in the 1D system. The physical deposition
method successfully achieves strong lasing for multicolor emis-
sion at a low threshold value. Novel multi-peak emissions with
controllable periods were observed for the first time due to the
contribution from the 1D photonic crystal and periodical
exciton confinement.”®'’® Sn doping in CdS not only tuned
the bandgap emission but also changed the defect-related
emission line. Peng et al. also observed the strong electron—
phonon coupling interaction in the optical micro-cavity of CdS—
Sn, which is associated with the interaction, trapping and
recombination of carriers in 1D nanostructures.'®® Tian et al.
showed the effect of quantum confinement on the polarization
anisotropy emission in CdS-Sn micro-cone-like structures. The
polarization ratio achieved reached 60%, providing suitable
information about the quantum confinement and optical con-
finement in nanostructures related to the dielectric contrast
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upon the incorporation of Sn in the CdS matrix. Also, the
decrease in the cross-section radius of the nanostructures was
attributed to Sn doping and the reduction in the carrier lifetime.
Moreover, the polarization ratio of the magnetic ion or spin ion
corresponding to dielectrics is beneficial to study spintronic
devices at room temperature.”**'*”'%® Bao et al reported the
single-mode laser of a CdS NW channel on an SiN waveguide chip
with high efficiency of up to 58% by evanescent coupling. The
composition gradient demonstrated various emission colors ran-
ging from green to red, while the lasing emission wavelength
ranged from 520 nm to 738 nm, providing broad wavelength
tripod lasers."”® Li et al. reported the multiphoton pump lasing
of bi-excitons from a solution of colloidal CdSe/CdS nano-
platelets.®” The colloidal solution showed the optimal lateral size,
which minimized the ultralow threshold for lasing at room
temperature. CdTe alloys with other optical active materials such
as CdSe as a type-II semiconductor tetrapod structure or ZnTe
exhibit a strong optical response and are useful in various opto-
electronic applications. 1D NW of CdS/CdSTe/CdTe showed high
optical responsivity due to the n-type and p-type characteristics of
CdS and CdTe, respectively. CdSTe acts as the depletion layer,
which is similar to intrinsic silicon acting as sandwich in a PIN
photodetector. Light illumination will transfer the photoelectrons
from CdTe to CdS and transfer holes from CdS to CdSTe simulta-
neously, and then to the CdTe shell layer. The CdSTe layer reduces
the carrier recombination probability and increases the photocur-
rent, making it suitable for photodetection in a wide spectral
range.2°1’2°2

Fig. 6a and b show the lasing in CdS NBs co-doped with 0.1~
0.68% Co(u) and prepared via CVD. The two-band emission
near the band-edge is located at 508-510 nm (FX) and at 518-
525 nm for the EMP at room temperature. YAG:Nd (355 nm
using a 2 ns laser) showed a lasing line at 518 nm (Fig. 6a).
Fig. 6b shows the line width and intensity as a function of
excitation power. Beyond the threshold power of 7.4 pJ, a super-
linear increase in the emission intensity can be seen. Regard-
less of the inhomogeneous distribution of the dopant ions in
NBs, a single lasing mode always occurs at the EMP location.
Over 6 pJ, the exciton-carrier or phonon interactions start and
become involved in the lasing process. The Co(u) ions with
ferromagnetic coupling provide significant carriers and driving
force to complete this collective emission process, as observed
in other II-VI semiconductors. Other II-VI semiconductors
doped with TM ions and excited by a fs laser exhibit an EMP
lasing line, whereas CdS:Co NBs show lasing with both ns and
fs lasers. This difference indicates that the EMP in the latter
should have a larger coherence length and coherence time
because ns laser excitation can cover more microscopic inter-
actions, such as exciton-exciton, exciton-phonon, exciton-car-
rier, and exciton-spin, inside the excitation zone, while these
interactions usually exist in variable time scales.?

The type-II interface of ZnTe/CdSe reveals a significant blue
shift toward a lower energy band, whereas the high-energy band is
related with CdSe. The relatively small lattice difference between
two semiconductor core-shell nanostructures with a high surface-
to-volume ratio is suitable for photovoltaic applications.*”**%2%3

