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21.1 Introduction

Colloidal quantum dots (QDs) are tiny crystals of semiconductor materials
with dimensions in the nano-meter scale." Owing to their small size, com-
parable to the exciton Bohr radius, QDs exhibit novel properties such as
size-dependent optical band gaps for tunable absorption and emission spec-
tra, which are very promising for various optoelectronic applications.** The
small size also results in high surface-to-volume ratio of QDs,* and changes
in surface conditions of QDs (such as oxygen, light, temperature etc.) may
deteriorate their optical properties,” which is unfavorable for QDs-based opto-
electronics.® Generally, during the synthesis of QDs, organic ligands from the
solvent can assemble on their surface for passivation, keeping them stabilized
and provide a monodispersed colloidal suspension of QDs.”* However, the
interaction between the QD and surface organic ligand is weak and during
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Figure 21.1 Properties of bare QDs versus core-shell QDs.

the solution-processed fabrication of QDs-devices, the organic ligands may
damage and provide insufficient protection to QDs against the surrounding
environment, thus promoting the formation of new surface defects/traps.

The effective way to protect QDs' surface is to coat a secondary semicon-
ductor shell on core QDs to form a core-shell structure. Figure 21.1 demon-
strates the superior features of core-shell QDs compared to bare QDs, which
exhibit enhanced optical properties and photo-/chemical stability against
various environmental factors. More importantly, the size and composition
of core and shell materials in core-shell QDs can be tailored to achieve var-
ious band alignments that suit different QDs-based optoelectronic appli-
cations, for example, high photoluminescence quantum yield (PLQY) and/
or efficient spatial charge separation. A suitable shell material can provide
minimum lattice mismatch to core QDs and form proper band alignment
to exhibit improved optical properties, which is essential for the growth of
desirable core-shell QDs. A considerably large lattice mismatch between the
core and shell may influence the properties of the core-shell due to strain
effects. However, it is still feasible for the shell to form the crystal structure
that matches with the core QDs during the growth process, thus minimizing
the lattice mismatch for reduced interfacial defects.’

21.2 Classification of Core-Shell QDs

Colloidal core-shell QDs are generally categorized into type I, type II and
quasi-type I on the basis of different band alignments between core and shell
materials, as shown in Figure 21.2. The type I core-shell system consists of a
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Figure 21.2 Schematic diagrams of type I, type II and quasi-type II band align-
ments for core-shell QDs.

shell with wider valence band (VB) and conduction band (CB) edges than the
core, confining both the electrons and holes into the core region. This is ben-
eficial to the radiative recombination of electrons and holes for enhanced
PLQY and photo-stability. In the type II core-shell system, either the VB or
CB edge of the shell resides within the bandgap of the core to form a stag-
gered band alignment." This type of core-shell structure exhibits long-lived
recombination lifetimes of excitons owing to spatial separation of charge
carriers (electrons and holes) upon excitation.'>"?

In the quasi-type II core-shell structure, a small band offset exists between
the CB or VB edges of core and shell, expanding the wave function of one
type of carrier (generally for electrons) into both the core and shell region.
Therefore, one type of charge carrier exists in the entire core-shell structure
and the other type of carrier is confined in the core region."

21.3 Synthesis and Optical Properties of
Core-Shell QDs

Core-shell QDs can be synthesized either by one-step or two-step growth
techniques. One-step growth techniques involve all the synthetic processes
of core-shell QDs in the same pot.'* Typically, after the growth of core
QDs, the precursors for shell growth are directly injected into the core QDs
reaction flask without stopping the reaction. While in a two-step growth
technique, the core QDs are first grown and purified to remove the bulk
and unreacted precursor. As-grown core QDs are then diluted in a suit-
able organic solvent for another reaction, in which the shell is grown at a
suitable reaction temperature by injecting shell precursors.’ Generally, all
the semiconductors having smaller lattice mismatches with core are con-
sidered suitable materials for shell growth. In particular, shell thickness
plays an important role in the optical properties of the core-shell QDs. An
optimized shell thickness is required to realize efficient passivation for
enhanced optical properties and improved charge transfer from QDs to
other coupled semiconductor media.
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21.3.1 TypeI Core-Shell QDs

Type I core-shell structures (Figure 21.3a) have been developed to demon-
strate enhanced PLQY and photo-/chemical stability. The examples of type
I core-shell QDs include CdSe/ZnS, CdSe/ZnSe, CdS/ZnS,"” InP/ZnS' and
ZnSe/ZnS," etc. Hines et al. have reported the growth of type I CdSe/ZnS
core-shell QDs, in which a ZnS shell with a thickness of 1-2 monolayers was
grown on CdSe core QDs."® The growth of the ZnS shell was carried out on
pre-grown CdSe core QDs via sequentially injecting Zn and S shell precursors
at a temperature of 300 °C.'® The stock solutions for Zn and S were prepared
by dissolving diethylzinc (Me,Zn) and hexamethyldisilathiane [S(TMS),] into
trioctylphosphine (TOP). Hao et al. also reported the synthesis of CdSe/ZnS
core-shell QDs via a successive ionic layer adsorption and reaction (SILAR)
technique.” The role of TOP solvent was highlighted for alleviating the strain
effects during the growth of a thick ZnS shell, i.e. high-quality CdSe/ZnS core-
shell QDs can be obtained by employing TOP solvent despite their higher
lattice mismatch of ~10.6%.%° Figure 21.3b,c exhibits the transmission elec-
tron microscope (TEM) images of CdSe core and CdSe/ZnS core-shell QDs,
displaying controlled morphology and uniform particle size distribution.
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Figure 21.3 (a) Schematic diagram of type I core-shell structure. TEM images of
(b) CdSe core and (c) CdSe/ZnS core-shell QDs. (d) Particle size ver-
sus shell thickness of CdSe/ZnS core-shell QDs. Adapted from ref. 19
with permission from the Royal Society of Chemistry. (e) Absorption
and emission spectra of type I ZnSe/ZnS core-shell QDs. (f) QYs and
FWHM of ZnSe/ZnS core-shell QDs with variable ZnS shell thick-
ness. Adapted from ref. 21 with permission from the Royal Society of
Chemistry.
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A quick indication for the successful growth of shell on core QDs is
the increasing average sizes of the QDs after the shell growth, as shown in
Figure 21.3d. The decreased size of the CdSe core QDs after the introduction
of TOP solvent was ascribed to the etching of CdSe core by the removal of
excess Se from the surface via TOP."

Low-temperature growth is often used to attain fine control on the particle
size as well as to avoid the diffusion of shell material into core QDs. Bawendi
et al. developed a low-temperature (140-220 °C) growth technique for the
synthesis of CdSe/ZnS core-shell QDs.** Weller et al. used hexadecylamine
(HDA) into trioctylphosphine oxide (TOPO)/TOP to tune particle size distri-
bution.*® Kudera et al. tailored the optical properties of CdSe/ZnS core-shell
QDs to attain blue emission by lowering the particle size of QDs via using low
growth temperature (80 °C).>* The decreased particle size can lead to a strong
quantum confinement effect in QDs, thus exhibiting enlarged band gaps for
blue emission.

In type I core-shell QDs, the shell can passivate the defects and improve
the original optical properties of the core QDs.'>'® Figure 21.3e presents the
ZnS shell thickness-dependent absorption and emission spectra of type I
CdSe/ZnS core-shell QDs. The PL spectrum of CdSe core QDs exhibits a weak
emission which showed considerable improvement (increased intensity) with
increasing ZnS shell thickness, as shown in Figure 21.3e.”" The increased ZnS
shell also resulted in the enhanced PLQY (Figure 21.3f), that is, as-synthesized
CdSe/ZnS core-shell QDs demonstrated suppressed surface defects and
exhibited improved PLQY from 10% (bare CdSe QDs) to over 40%.*

21.3.2 Type II Core-Shell QDs

Bawendi et al. have developed type II core-shell QDs such as CdTe/CdSe
and CdSe/ZnTe core-shell QDs."! As an example, CdTe/CdSe core-shell QDs
were synthesized using CdO and TOP-Te precursors for the growth of CdTe
core and CdO and TOP-Se for the growth of CdSe shell, respectively.*® Wang
et al. reported the synthesis of CdSe shell on CdTe core QDs via SILAR tech-
nique.?” The CdTe core QDs mixed with TOP, tetradecylphosphonic acid
(TDPA), and ODE were loaded into a round-bottom flask. The flask was heated
at 170 °C after degassing and purging in an argon atmosphere. Cd and Se pre-
cursor solutions with equal molarity ratios were added alternately into the
reaction flask at 30 min intervals. This technique yielded high-quality and
homogenous CdTe/CdSe core-shell QDs, as depicted in Figure 21.4b,c. Xie
and co-workers developed a variety of core-shell QDs employing ZnTe QDs
as cores and CdTe, CdSe, CdS as shells.?® The stock solutions for shell growth
were prepared by dissolving cadmium oleate, TOP-Te, TOP-Se, and sulfur
in 1-octadecane (ODE). The core-shell QDs were then obtained by injecting
shell precursors into ZnTe core QDs, the variation in the morphology by low-
ering the shell growth temperature has been observed.”** Highly lumines-
cent type II CdS/ZnSe core-shell QDs were developed by Klimov's group.*
The CdS core QDs were synthesized and dispersed in octadecylamine and
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Figure 21.4 (a) Schematic diagram of type II core-shell QDs. TEM images of
(b) CdTe core QDs and (c) CdTe/CdSe core-shell QDs. Adapted from
ref. 27 with permission from American Chemical Society, Copyright 2013.
(d) Absorption and (e) emission spectra of type II ZnTe/ZnSe core-
shell QDs with increasing ZnSe shell thickness (black curve belongs
to bare ZnTe QDs). (f) PLQE spectrum (circles) and FWHM trend
(squares) for ZnTe/ZnSe core-shell QDs with variable ZnSe shell thick-
ness. Adapted from ref. 33 with permission from American Chemical
Society, Copyright 2010. (g) Absorption and emission spectra of CdTe
core and CdTe/CdSe core-shell QDs. (h) TA spectra of CdTe/CdSe
core-shell QDs. (i) Transient decay kinetics of transitions indicated in (h).
Adapted from ref. 12 with permission from American Chemical Society,
Copyright 2011.

ODE. Afterwards, ZnSe shell was grown by injecting zinc oleate and TOP-Se
shell precursors into core QDs solution. Smith and co-workers have synthe-
sized type II core-shell QDs with the existence of lattice strain.*” Different
shells with huge lattice mismatch (e.g. ZnS, ZnSe, ZnTe, CdS and CdSe) were
grown on CdTe core QDs and as-prepared core-shell QDs exhibited a transi-
tion from type I to type II band structure.*

In contrast to the type I core-shell QDs, the optical properties of the type
IT core-shell QDs can exhibit red-shifted absorption and emission spectra
with respect to the core QDs.*’ Figure 21.4d and e show the absorption and
emission spectra of ZnTe core and ZnTe/ZnSe core-shell QDs with tunable
optical properties by varying the shell thickness indicating a type II nature.
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Figure 21.4f shows the shell thickness-dependent PL quantum efficiency
(QE) and full width at half maxima (FWHM) of PL peaks. Over the course of
ZnSe passivation the PLQE initially increased due to reduced surface defects
and reached a PLQE of 6%. Further increase in ZnSe shell thickness leads
to decreased PLQE due to enhanced type II spatial separation of electrons
and holes." The PL peak broadness showed gradual consistent increase with
increasing shell thickness (Figure 21.4f). In type II core-shell QDs, the par-
ticle size inhomogeneity is defined as the convolution of core size and shell
thickness distributions, which makes the PL bandwidth sensitive to the shell
thickness.?® CdTe/CdSe core-shell QDs also exhibited absorption spectrum
extended to near-infrared (NIR) region compared to CdTe core QDs. Like-
wise, the emission spectrum of CdTe/CdSe core-shell QDs was red-shifted
as compared to the CdTe core QDs due to the existence of type II band align-
ment (Figure 21.4g)."

The results indicated that tunable optical properties can be achieved by
varying the shell thickness in type II core-shell QDs."** Moreover, the type
II core-shell structures involve the transition of charge carriers between core
and shell materials owing to the staggered band alignment. Figure 21.4g
shows the absorption and emission spectra of CdTe/CdSe core-shell QDs
with four absorption bands labeled as B1, B2, B3, and C at 770, 650, 500, and
560 nm, respectively (blue line spectrum in Figure 21.4g). These bands are
more clearly observable in the transient absorption (TA) spectrum (Figure
21.4h) exhibiting bleaches at these bands due to the filling of CB electron
levels."” The formation of bleach at the C band and its subsequent decay gives
birth to the bleach signals of B1, B2, and B3 transitions. These transitions
showed electron transfer from the CdTe (core) to CdSe (shell) CB. Moreover,
B1, B2, and B3 transitions demonstrated identical bleach formation pro-
cesses and decay kinetics, inferring that these transitions involve the same
1s electron level in the CdSe shell. This leads to the existence of an electron
and hole in different regions of the core-shell structure, such as electrons in
the shell and holes in the core, as exhibited by the bleach formation at B1,
B2, and B3 (Figure 21.4h and i).***’ In this manner, the type II core-shell
QDs exhibit prolonged PL lifetime with respect to the bare core QDs.*

21.3.3 Quasi-type II Core-Shell QDs

A typical quasi-type II band alignment (Figure 21.5a) is formed due to the
small offset between CB and large offset between VB of the core and shell
materials. In this way, the holes are localized in the core region and elec-
trons are localized in both core and shell regions.*® Various core-shell QDs
have been developed with quasi-type II band alignment such as CulnS,/
CdsS,*® InP/CdS,*® CdSe/CdsS,*! CdSe/ZnSe,** PbSe/CdSe,** CulnSe,/CulnS,,**
CulnSe,S, ,/CdSeS/CdS* etc. CdSe/CdS core-shell QDs are interesting and
among widely investigated quasi-type II core-shell systems due to their
transition from type I to quasi-type II via tuning CdSe core size or CdS
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Figure 21.5 (a) Schematic diagram of quasi-type II core-shell structure. Represen-
tative TEM images of (b) CdSe core (c) CdSe/CdS (shell thickness ~2.95
nm) core-shell QDs. Absorption and emission spectra of (d) CdSe
core and (e) CdSe/CdS core-shell QDs with variable shell thicknesses.
Adapted from ref. 48 with permission from American Chemical Soci-
ety, Copyright 2018. (f) Absorption and emission spectra with tran-
sient absorption spectrum (at 1 ns, green line) spectra of CdSe/CdS
core-shell QDs. (g) TA spectra and (h) bleach formation kinetics CdSe/
CdS QDs at indicated delay times. Adapted from ref. 50 with permis-
sion from American Chemical Society, Copyright 2012.

shell thickness.**™*® Kong et al. have reported the synthesis of CdSe/CdS
core-shell QDs in which the core QDs were synthesized via a hot injection
approach.*® CdS shell was grown on these CdSe core QDs by using SILAR
process.” For this synthesis, cadmium precursor was prepared in advance
by dissolving the calculated amount of CdO in oleylamine (OLA) and ODE
at 300 °C and sulfur solution was prepared by dissolving sulfur in ODE
via sonication. The shell precursor was then injected into core QDs at 200 °C
after conventional degassing process. The core-shell QDs were further
heated at 230 °C for improved crystallinity. Figure 21.5b and ¢ show the
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TEM images of CdSe core and CdSe/CdS core-shell QDs with CdS shell
thickness of 2.95 nm, which is much obvious from the apparently large size
of core-shell QDs compared to core QDs.

Figure 21.5d and e exhibit the absorption and emission spectra of CdSe
core and CdSe/CdS core-shell QDs with variable shell thicknesses, which
demonstrate the consistent red shifting of the first excitonic peak in absorp-
tion spectra and PL peaks.*® In quasi-type II core-shell QDs, the FWHM of
PL peaks with variable shell thickness showed no significant change as com-
pared to that of the type II core-shell QDs, which indicates that the peak
broadness is not sensitive to the shell thickness inhomogeneity (Figures 21.4e
and 21.5e).

Figure 21.5f presents the absorption spectrum of CdSe/CdS core-shell QDs
with a weak excitonic peak at ~575 nm (denoted as T,) and strong absorption
band at ~475 nm (denoted as T,), which are clearer in TA spectrum (green
line spectrum in Figure 21.5f). The T, band originated from the transition
between the CB electron (1s.) and VB hole (1s;,) levels in the core-shell struc-
ture. In the TA spectrum, the bleaches at T, and T, transitions exhibit identi-
cal 1s, levels. The T, band hence appeared due to the transition between the
delocalized 1s. CB level and the VB edge level (1sy,) of the CdS shell.”® After
excitation via 400 nm laser, hot electrons and holes are generated at CB and
VB edges. The relaxation of these excited hot carriers to the 1s. and 1s,, levels
leads to the continuous red-shift of the T, bleach and growth of T, bleach
with a long lifetime, as shown in Figure 21.5g,h.*

21.4 Applications of Core-Shell QDs

Core-shell QDs offer a variety of applications owing to their excellent fea-
tures compared to the bare QDs including engineered band structure, tun-
able optical properties (such as higher PLQY, narrow-band emission, and
prolonged exciton lifetime), and robust photo-/chemical stability. Moreover,
the facile and flexible solution-processed device fabrication steps make them
highly desirable in optoelectronics. Herein, we present various core-shell
QDs-based optoelectronic applications including solar cells, photoelectro-
chemical (PEC) cells, luminescent solar concentrators (LSCs), photodetec-
tors, light emitting diodes (LEDs) and lasers.

21.4.1 Solar Cells

A solar cell is a photovoltaic (PV) device that converts solar energy into elec-
tricity. A typical QD-sensitized solar cell (QDSC) consists of three main ele-
ments including a photoanode, a counter electrode and electrolyte, as shown
in Figure 21.6a.”" Specifically, the photoanode is fabricated by using QDs as
light absorbers and a wide band gap semiconductor (e.g. TiO, deposited
on fluorine-doped tin oxide or indium-doped tin oxide glass) for electrons
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Figure 21.6 (a) Schematic diagram of a typical QD-sensitized solar cell. Adapted
from ref. 51 with permission from the Royal Society of Chemistry. PV
performance of bare CdSe QDs, CdTe/CdSe and ZnTe/CdSe core-shell
QDs-based QDSCs: (b) J-V curves (c) IPCE curves. Adapted from ref. 52
with permission from American Chemical Society, Copyright 2015.

extraction. In this configuration, the photogenerated electrons in CB of
QDs can be subsequently transferred to CB of TiO,, FTO and the counter
electrode.””

CdSe/ZnS core-shell QDs have been employed for the fabrication of QDSC
and exhibited significantly enhanced stability compared to the bare CdSe
QDs-based QDSC.'” Agren et al. synthesized ZnSe/CdS core-shell QDs for
assembly of QDSC, yielding higher incident photon to current conversion
efficiency (IPCE) due to efficient electron-hole separation derived from type
IT band structure.”® Type IT CdTe/CdS and CdTe/CdSeS core-shell QDs were
also sensitized into TiO,-based photoelectrode to fabricate the QDSCs, which
demonstrated a power conversion efficiency (PCE) of 5.96% and 6.6%, respec-
tively, under 1 sun illumination. The PCEs of core-shell QDs-based QDSCs
are much higher than that of the CdTe core QDs-based QDSC (4.87%).’* Such
enhanced performance was ascribed to the extended absorption spectra and
suppressed charge recombination of type II CdTe/CdS and CdTe/CdSeS core-
shell QDs compared to the CdTe core QDs. Meng et al. employed CdSe,Te,_,/
CdS core-shell QDs for the solar cell fabrication and reported a higher PCE
than that of the bare CdSe,Te, , QDs with poor chemical stability.”® A higher
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PCE of 6.76% was obtained from CdTe/CdSe core-shell QDs-based QDSCs as
compared to bare CdTe QDs, which was attributed to the broad light absorp-
tion of CdTe/CdSe core-shell QDs.>” CdSeTe/CdS core-shell QDs were devel-
oped for the fabrication of QDSCs, as compared to the bare CdSeTe QDs-based
device, the core-shell QDs-based device demonstrated a much higher PCE of
9.48% due to the suppressed surface defects by CdS shell passivation.®

QDSCs often suffer from low performance due to lower V,. values, which
suggests that increasing the V. is a prerequisite for further improvement
in QDSC performance. In this regard, Bisquert et al. reported the synthesis
of high-quality ZnTe/CdSe core-shell QDs with absorption in NIR region.’?
As-fabricated QDSCs exhibited a PCE of 7.17% and a certified efficiency of
6.82% under one sun illumination. The J-V curves and IPCE results for bare
CdSe, CdTe/CdSe core-shell and ZnTe/CdSe core-shell QDs-based solar cells
are displayed in Figure 21.6b and c, demonstrating PCEs of 5.43%, 6.67%
and 7.17%, respectively. In addition, the V. values for these QDSCs are listed
as 0.595V, 0.597 V and 0.642 V, respectively. In these core-shell QDSCs, there
exists a larger CB offset of ZnTe/CdSe core-shell QDs-TiO, (~1.22 eV) as com-
pared to CdTe/CdSe core-shell QDs-TiO, (~0.27 eV), thus causing charge
accumulation at QDs/TiO, interface and producing strong dipole effect.””
This dipole effect delivered an upward shift of the TiO, CB, enabling higher
performance in ZnTe/CdSe core-shell QDs-based QDSC than that of the
CdTe/CdSe core-shell QDs.”®

21.4.2 Photoelectrochemical Cells

A PEC cell is a water splitting system that enables the H, generation by
utilizing solar energy, which mainly consists of a working electrode, a ref-
erence electrode and a counter electrode (Figure 21.7a). The working elec-
trode is basically a photoelectrode made up of light sensitive semiconductor
materials (such as QDs) which can generate electron-hole pairs upon expo-
sure to sunlight.”® QDs-based PEC cells have become a hot topic owing to
the high absorption coefficient, multiple exciton generation and tunable
optical properties of QDs, especially the core-shell QDs that demonstrate
shell-engineered optical properties and improved photo-/chemical stability
compared to bare QDs. Figure 21.7a illustrates the basic operation principle
of a QD-PEC cell. After illumination by sunlight, electron-hole pairs are gen-
erated in the QDs. The electrons are transferred to the counter electrode by
the applied external electric field where they take part in the targeted reac-
tion such as water reduction reaction for hydrogen production whereas holes
are consumed by the scavengers present in electrolyte.”**

The bare QDs generally possess abundant surface defects and demonstrate
poor PEC performance**** Jin et al. have reported the synthesis of PbS/CdS
core-shell QDs via cation exchange method for the fabrication of QDs-based
PEC cells.®® The PbS/CdS core-shell QDs decorated TiO, photoelectrode with
further CdS SILAR coating exhibited a photocurrent density of ~11 mA cm™>
with decent stability.®
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Figure 21.7 (a) Schematic illustration of a typical QDs/TiO,-based PEC cell.
Adapted from ref. 59 with permission from Elsevier, Copyright 2017.
(b) Schematic diagram of the band structure and carrier transition
of the CdSe/CdSeS/CdS core-alloyed-shell-shell QDs-based photoan-
ode and corresponding (c) PEC performance. Adapted from ref. 61
with permission from the Royal Society of Chemistry. (d) PEC perfor-
mance of heavy metal-free MnCIS/ZnS core-shell QDs-based photoan-
ode. Adapted from ref. 62 with permission from the Royal Society of
Chemistry.

Channa et al. developed CuGas,/CdS core-shell QDs for the fabrication of
PEC photoelectrodes, which exhibited a higher photocurrent density of ~6.5
mA cm ? than that of the CuGaS, core QDs (~0.83 mA ¢cm ?) under standard
one sun illumination.’ The higher performance in their case was ascribed to
the enhanced absorption and prolonged exciton lifetime of the CuGas,/CdS
core-shell QDs compared to bare CGS QDs. Wang et al. proposed and syn-
thesized a novel type of interfacial engineered CdSe/CdSeS/CdS core-shell
QDs with gradient CdSeS shell to establish stepped band alignment with
optimized charge dynamics (Figure 21.7b) for obtaining high-performance
PEC cells.® Figure 21.7c represents the PEC performance of the CdSe/CdSeS/
CdS core/multi-shell QDs-based photoelectrode, which demonstrated a
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maximum photocurrent density of 17.5 mA cm > under one sun illumination
(AM 1.5 G, 100 mW c¢m ?) with a retention of 70% photocurrent density after
2 hours.

However, despite the high efficiency of devices, the utilization of toxic
heavy metals (i.e., Pb, Cd etc.) based QDs for the application in PEC cells
are deleterious for the environment and to human health. Environmentally
friendly core-shell QDs are therefore highly demanded for practical appli-
cations. In this regard, Tong et al. reported pioneer work for the synthesis
of heavy metal-free CulnSeS/ZnS core-shell QDs for the fabrication of heavy
metal-free QDs-PEC cells.®® The bare CulnSeS QDs-based photoelectrode
only unveiled a photocurrent density of ~2.57 mA ¢cm 2. On the contrary,
the CulnSeS/ZnS core-shell QD-incorporated photoelectrode revealed a sig-
nificantly increased photocurrent density of ~4.3 mA c¢cm * with retention
of about ~77% photocurrent density after 2 hours. The enhanced perfor-
mance of CulnSeS/ZnS core-shell QDs-based photoelectrode is attributed to
the effective surface passivation of CulnSeS core QDs by ZnS shell, which
leads to the suppressed non-radiative recombination and enhanced photo-/
chemical stability, thus exhibiting much higher photocurrent density and
enhanced device stability. Wang's group recently developed a heavy metal-
free Mn-alloyed CulnS,/ZnS core-shell QDs for the fabrication of environ-
ment friendly PEC cell.®” Such Mn-CulnS,/ZnS core-shell QDs-based PEC
cell showed a photocurrent density as high as 5.7 mA cm * (Figure 21.7d) with
outstanding retention of 73% of initial photocurrent density after 2 hours
illumination. It was unveiled that the Mn-alloyed CulnS, core QDs possessed
a larger band gap than the unalloyed CulnS,, which formed a favorable band
alignment (i.e. smaller conduction band offset) with ZnS shell for electron
delocalization, which leads to efficient spatial charge separation of such
core-shell QDs, thus consequently resulting in enhanced PEC performance.
In addition, the ZnS shell can effectively protect the core QDs for improved
photo-/chemical stability, giving rise to the excellent device durability.®*

21.4.3 Luminescent Solar Concentrators

Luminescent solar concentrators (LSCs) have gained much interest for
indoor building integrated PVs.**"*® The motivation behind the fabrication of
LSCs is to collect and concentrate solar radiation for application in low cost
and high-performance PVs.?”*® QDs-based LSCs are designed by embedding
fluorescent QDs in transparent or semi-transparent materials (such as glass
or polymer) as waveguide.®”” The incident light can be absorbed by the LSC
and re-emitted/propagated to the waveguide edges via total internal reflec-
tion (TIR). The PV cells are attached to the lateral edges of the waveguide
which collect the re-emitted light and convert it into electricity, as depicted
in Figure 21.8.”" Highly luminescent materials are very promising for the fab-
rication of LSCs such as organic dyes with high PLQY have been used as flu-
orophores for the fabrication of LSCs.”> However, the poor photo-/chemical
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Figure 21.8 (a) Schematic diagram of a QDs-based LSC. Adapted from ref. 71 with
permission from John Wiley & Sons, Copyright © 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) CdSe/CdS core-shell QDs-
based LSCs under ambient light (left panel) and UV light (right panel)
with the edges clear (top) and blocked by carbon paint (bottom).
(c) EQE spectrum of the prototype LSC. (d) Optical efficiency of the
LSC. Adapted from ref. 79 with permission from American Chemical
Society, Copyright 2014.

stability and overlapped absorption and emission spectra of such organic
dyes limit the performance of corresponding LSCs.”>’* Higher Stokes shift
(difference in the energy between first exciton peak in the absorption spec-
trum and emission peak) is an important factor to realize high efficiency
LSCs owing to reduced re-absorption losses. Colloidal core-shell QDs exhibit
higher PLQY, shell thickness-dependent Stokes shift and improved photo-/
chemical stability compared to organic dyes and bare QDs.”>’® Numerous
core-shell QDs, such as PbS/CdS, CdSe/CdS and CulnS,/ZnS core-shell QDs
have been employed for the fabrication of LSCs. Zhou et al. have reported NIR
PbS/CdS core-shell QDs-based LSC.”” They tuned the absorption and emis-
sion spectra by varying the size of the core and tailoring the thickness of the
shell to exhibit large Stokes shift and higher PLQY.”””® Such PbS/CdS core-
shell QDs with high PLQY and large Stokes shift can significantly reduce re-
absorption losses for high efficiency, large-area LSCs. Furthermore, the PbS/
CdS core-shell QDs-based LSC exhibited an optical efficiency (7,p) of 6.1%,
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which is much higher than that of bare PbS QDs-based LSC.”” Bawendi et al.
have developed LSCs from CdSe/CdS core-shell QDs with thick CdS shell
(Figure 21.8b), demonstrating a very high QY of 86%.”°

The EQE and absorbance spectra of LSC were in excellent agreement due to
the minimal energy dependence of the QY (Figure 21.8c). The LSC fabricated
using CdSe/CdS core-shell QDs exhibited an optical efficiency of 48% at a
wavelength of 400 nm due to a higher magnitude of absorption at 400 nm
(Figure 21.8d). However, at longer wavelengths, there is a reduction in the
LSCs optical efficiency due to reduced light absorption (Figure 21.8c and d).

Li and the co-workers have reported heavy metal-free CulnS,/ZnS core-
shell QDs with a PLQY of 81% and large Stokes shift of 150 nm for the fabri-
cation of LSCs, which exhibited an optical efficiency of 26.5%.% The CuInS,/
ZnS core-shell QDs were designed to absorb light of short wavelength (<450
nm) and re-emit as long wavelength light (~550 nm), which can be wave-
guided to the coupled crystalline-silicon (c-Si) PV cells. Such CulnS,/ZnS
core-shell QDs-LSC coupled PV device demonstrated an enhanced PCE of
8.71% compared to PV device without QDs-LSC (2.73%), i.e. Poly(methyl
methacrylate) (PMMA) coupled PV device. The investigations related to QDs-
based LSC infer that the cost of electricity production from PV cells can be
reduced by employing QDs-based LSC technology.

21.4.4 Photodetectors

Photodetectors convert incident light into electrical signal and have attracted
tremendous interest for their enormous applications in commercial and mil-
itary fields.®"** Solution-processed device fabrication via colloidal QDs is an
attractive approach to considerably lower the device fabrication cost.*>* In
addition to the low fabrication cost, QDs also present size-dependent optical
properties which can be utilized in photodetection to achieve diverse pho-
todetection regimes.*> However, compared to bare QDs, the core-shell QDs
present improved photochemical stability and charge transfer characteris-
tics due to the formation of type II or quasi-type II band structures which
are vital for durable and high-performance photodetectors.®® Chu's group
has reported ZnCdSe/ZnS core-shell QDs-based photodetector fabricated on
a thin layer of MoS,.*” The ZnCdSe/ZnS core-shell QDs act as light absorb-
ers whereas the MoS, layer acts as the charge transporting channel. The
schematic design of the ZnCdSe/ZnS core-shell QDs coupled with a MoS,
layer-based photodetector is shown in Figure 21.9a. After illumination, the
electron-hole pairs generated into QDs tunnel from QDs to MoS, channel
and generate a photocurrent. Figure 21.9a shows QDs/MoS, photodetector
device illuminated by incident wavelength of 4 =450 nm and P =400 nW. The
QDs/MosS, photodetector generated a considerably high photocurrent com-
pared to only MoS,-photodetector, as exhibited in Figure 21.9b.

Moreover, the ZnCdSe/ZnS core-shell QDs-based photodetector demon-
strated faster rise/decay times as shown in Figure 21.9c and d which are
ascribed to efficient injection of charge carrier from QDs to MoS, layer.*
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Figure 21.9 (a) Cross-sectional view of the schematic QDs/MoS, photodetector
operated under illumination. (b) I-V curves of the MoS, photodetector
device and QDs/MoS, hybrid device with and without 450 nm illumi-
nation keeping gate voltage (V;,) = 0 V. (¢, d) Time-dependent photo-
response of the pristine MoS, device and hybrid QD/MoS, devices.
Adapted from ref. 87 with permission from American Chemical Society,
Copyright 2019.

The faster rise/decay times are highly required for ultrafast responsive pho-
todetectors and efficient carrier separation is the key to sensitive photodetec-
tors.®” The bare QDs are prone to the formation of charge trapping centers
due to long term exposure in harsh environmental conditions which can
lower the photodetector performance over time.**® Moreover, the ZnCdSe/
ZnS core-shell QDs-based photodetector exhibited much higher responsiv-
ity (~10* A W ') compared to photodetector without QDs (~10 A W ') and
enhanced detectivity of 1.0 x 10" Jones (about three orders of magnitude
higher) compared to photodetector without QDs (4.6 x 10° Jones).?

21.4.5 Light Emitting Diodes

A light emitting diode (LED) is a device made up of semiconductors, which
can emit light upon current injection. QDs-based LEDs (QLEDs) have gained
much attention owing to their incredible features such as high brightness
and color purity, low operating voltage and easy fabrication technologies.”"*?
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A QLED generally consists of a cathode, electron transport layer (ETL), QD
layer for light emission, hole transport layer (HTL) and an anode as shown
in Figure 21.10a.”® Briefly, in QLEDs an external voltage is applied across the
electrodes which causes the electrons and holes to transfer to ETL and HTL,
respectively. The charges are then captured by QDs where they recombine
and produce electroluminescence (EL).** Core-shell QDs have shown prom-
ising results for high-performance QLEDs owing to their higher photo-/
chemical stability and PLQY.”*® Peng's group have developed red QLEDs
employing CdSe/CdS core-shell QDs.”” The CdSe/CdS core-shell QLED
exhibited an external quantum efficiency (EQE) of 20.5% and a brightness
of 1200 cd m 2. However, by increasing the operating voltage up to 8 V the
brightness can be reached as high as 42000 cd m? with a simultaneous
reduction in EQE. A similar decreasing trend in the EQE with increasing
luminance was observed by Kazlas et al.”® The performance of QLEDs is sen-
sitive to the non-radiative Forster resonant energy transfer (FRET) process
due to the closed packing of QDs, as a result of thin shell in core-shell QDs
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Figure 21.10 (a) Schematic illustration and cross-sectional TEM image of QLED
device structure (scale bar, 50 nm). (b) Current density (left axis) and
luminance (right axis) versus voltage profiles. (c) EQE-luminance pro-
files. (d) Lifetime measurements (at the initial luminance of 4500 cd
m2) of the QLEDs with QD-1, QD-1R, QD-2, QD-2R, QD-3 and QD-
3R. Note: QD-1, QD-2 and QD-3 refer to InP/ZnSe/ZnS (pod shaped)
core/multi-shell QDs with variable ZnSe/ZnS shell thickness grown at
320 °C, whereas QD-1R, QD-2R and QD-3R represent InP/ZnSe/ZnS
(spherical) core-multi-shell QDs with variable ZnSe/ZnS shell thick-
ness grown at 340 °C. Adapted from ref. 106 with permission from
Springer Nature, Copyright 2019.
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and Auger recombination (AR).”>'*® Growth of thick multiple shells on
core QDs has demonstrated a reduction of FRET and improved EQE com-
pared to thin shell case.'”" Peng et al. optimized the performance of InP/
ZnSe/ZnS core-shell-shell QDs-based LEDs to show an EQE of 12.2% and a
brightness of over 10000 cd m 2 by growing a thick shell and controlling the
stoichiometry of the core-shell QDs.'”” The recent developments in QLED
technologies have shown to exhibit either high EQE with low luminance or
vice versa.””'**"'% For instance, red light emitting CdSe/CdS core-shell QDs-
based LEDs have reached an EQE in the range 18-20.5% with luminance
limited in the range 100-2000 cd m2.°"®

Green QLEDs fabricated using CdSe/ZnS core-shell QDs have obtained
high luminances of ~460000 cd m * with EQE of 6%.'"” Blue QLEDs fabri-
cated employing ZnCdS/ZnS core-shell QDs have reached an EQE of 10%,
with a brightness of ~7600 cd m >.'*® Therefore, strategies are required to
develop the enhancement of both EQE and the luminance of QLEDs.

Recently, Jang et al. have reported a tremendous improvement in the per-
formance of red QLEDs by simultaneously enhancing both EQE and lumi-
nance.'*® They employed InP QDs over-coated by multiple thick shells of ZnSe
and ZnS. However, prior to the shell growth on InP QDs, they performed surface
treatment of InP core QDs during synthesis to alleviate the surface defects.'”®
The surface treatment involved an in situ etching of InP core QDs for the
removal of surface oxide which was conducted using hydrofluoric acid (HF).
Multiple thick shells of ZnSe and ZnS were grown to eradicate non-radiative
processes such as AR and FRET. However, the InP/ZnSe/ZnS core-shell/shell
QDs obtained were observed to be pod shaped (termed QD-1, QD-2 and QD-
3) with QYs of 98%, 92% and 75%, respectively. To obtain spherical shaped
InP/ZnSe/ZnS core-shell-shell QDs (termed QD-1R, QD-2R and QD-3R) with
enhanced QY (up to 100%) the shell growth temperature was increased to
340 °C. All the InP/ZnSe/ZnS core-shell-shell QDs-based LEDs exhibited a
very low turn-on voltage in the range 1.8-2.0 V, which is close to the bandgap
of InP QDs (~1.97 eV). The I-V curves for all the QLEDs devices with different
ZnSe/ZnS shell thicknesses (both pod and spherical shaped) indicated identi-
cal charge transport as shown in Figure 21.10b. However, despite the similar
transport behavior, the enhanced EQE and luminance was observed only for
thicker ZnSe interlayer thicknesses (QD-3R). A maximum EQE of 18.0% and
maximum luminance of 70718 ¢d m * were observed for QLEDs fabricated
from InP/ZnSe/ZnS (QD-3R, spherical shaped) core-shell-shell QDs with very
thick ZnSe interlayer, as represented in Figure 21.10c. The QLED fabricated
employing InP/ZnSe/ZnS QDs (QD-3, pod shaped) exhibited lower EQE and
luminance due to its low PLQY (~75%) compared to the InP/ZnSe/ZnS (QD-3R,
spherical shaped) core-shell-shell QDs. The low performance of InP/ZnSe/
ZnS core-thin-shell QDs (both pod and spherical shaped) can be ascribed
to the dominant FRET process.'’ In addition to the high-performance, the
QLEDs with thicker ZnSe/ZnS shell (QD-3R, spherical shaped) demonstrated
much enhanced durability compared to InP/ZnSe/ZnS core-thin-shell (both
pod and spherical shaped) QDs-based LEDs, as shown in Figure 21.10d.
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The QLED fabricated using InP/ZnSe/ZnS (QD-3R, spherical shaped) core//
shell/shell QDs exhibited a remarkable predicted lifetime of about ~3000 h at
a brightness of 1000 cd m 2. The results infer that the spherical morphology
of core-shell QDs with over-thick shells and much higher QY is promising for
high-performance QLEDs.

21.4.6 Laser

In lasers, colloidal QDs have demonstrated advantageous features includ-
ing tunable emission wavelength over a wide spectral range by the variation
of QDs size with a low lasing threshold.'” However, the bare QDs possess
defects such as AR affecting the lifetime and bandwidth of optical gain and
causes blinked emission from QDs, hindering the advanced development of
QDs-based lasers."'? Growth of thick shell on bare QDs can suppress the AR,
making the core-shell QDs promising for laser application with continuous-
wave operation and low-threshold amplification due to alleviated defects
compared to bare QDs.''!"1°

Liao's group has reported the laser fabricated from a pure phase CdSe/
CdS core-shell QDs and achieved single mode lasing with low thresholds
of 16 pJ em™? and 2 pJ em 2.'"? These features were attributed to the sup-
pressed AR in pure phase CdSe/CdS core-shell QDs. Dang et al. have reported
type I CdSe/ZnCdS core-shell QDs with a PLQY of 80% for the fabrication
of vertical-cavity surface-emitting lasers (VCSELs).''® The schematic diagram
of a VCSEL setup is shown in Figure 21.11a which is equipped with a long
pass filter to wipe out residual pump excitation beam. Figure 21.11b shows
pump energy dependent emission spectra, where sharp and coherent laser
lines seem to appear above threshold energy. The lasing action triggered at a
pumping threshold of ~60 pJ cm? for red light emitting laser. The QD-VCSEL
exhibited an overall efficiency of 0.4% for red laser at an excitation energy
density of 140 puJ cm™.
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Figure 21.11 (a) Schematic diagram of a vertically pump CQD-VCSEL. (b) Emerg-
ing laser modes from spontaneous emission in a QD-VCSEL at
increasing pump power. Adapted from ref. 116 with permission from
Springer Nature, Copyright 2012.
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Thick shell on QDs can further enable color switching in QDs-based lasers,
ie. the lasing can be switched from the core to shell.''” Norris et al. have
reported such color-tunable QDs-based lasers, they fabricated ring lasers
with active color control via high-quality resonators through QD template
stripping.'’” For lasing action, the as-fabricated QDs ring was illuminated by
ultrafast laser pulses which demonstrated various features as a function of
incident pulse energy: (i) Below the lasing threshold of 22 pJ em 2, only spon-
taneous emission was observed and a significant biexciton population can be
expected to occur at an average exciton occupancy per QD (N) = 1.6. (ii) Above
the threshold energy, series of sharp laser peaks at a wavelength of ~610 nm
appeared in the emission spectrum combined with ultrafast components
(<100 ps) in the decay curve, which is the typical signature of stimulated emis-
sion. Further increase of excitation power resulted in the increased intensity
of these laser peaks and the amplitude of the fast decay component followed
by the beginning of red lasing, which saturated at around 80 pJ cm 2 ((N) = 5.9).
At 110 pJ cm 2 ((N) = 8.4), the laser peaks switched to green lasing peaks
emerging at 530 nm. (iii) Red lasing peaks and the fast decay components
begin to diminish at higher pulse power. (iv) Finally, the green lasing peaks
eventually grow stronger and dominate the device output.'’” These findings
demonstrated that color switchable lasers can be fabricated by employing
core-shell QDs as demonstrated by Norris and co-workers.

21.5 Conclusions

This chapter is dedicated to the chemical synthesis, optical properties and
optoelectronic applications of various core-shell QDs. Recent progress for
the development of different types of colloidal core-shell QDs (e.g., type
I, type II and quasi-type II) and their promising applications in light con-
version (QDSCs, PEC cells and LSCs), light detection (photodetectors) and
light emission (LEDs and lasers) have been presented. In particular, we high-
lighted the band alignment tuning via core-shell structures for achieving
specific optoelectronic properties of QDs. It was revealed that the core-shell
QDs with type II and quasi-type II band alignment are more beneficial to the
PV applications owing to their intrinsic charge separation capability, while
type I core-shell QDs with PLQY close to unity are the potential candidates
for the light emitting devices. Moreover, the non-radiative process such as
AR and FRET can be alleviated and charge-localization rates can be tuned by
engineering the shell volume and the core-shell interface geometry, which
can aid further development of QDs-based light emitting and PV devices.

To date, despite all the favorable conditions such as type II band align-
ment of core-shell QDs, which facilitates intrinsic charge separation and
broad light absorption capabilities, the QDSCs suffer limited PCE and low
V.. values. In the case of QDs-based PEC cells, the PEC performance has cov-
ered a milestone, while the device stability is still a major problem owing to
QDs degradation. Various strategies for improving device stability have been
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employed and the obtained results showed that there is a trade-off between
stability and performance. The LSC technology is a major breakthrough for
low cost, high-performance building integrated PV devices, however, current
QDs-based LSCs are prototypes with small dimensions. Besides the dimen-
sion issue, the PCEs of solar cells coupled with LSCs are still low. For ultra-
fast responsive photodetectors, the QDs-based photodetectors still require
a major breakthrough to reach improved rise/decay time, responsivity and
detectivity, which are dependent on the efficient charge extraction from the
QDs and their transport properties. For QLEDs and lasers, the device perfor-
mance is greatly affected by the non-radiative phenomena such as AR and
FRET processes owing to the large surface area of QDs.

Besides, the major issue among state-of-the-art QDs-based optoelectronic
devices is the use of QDs with heavy metals (such as Pb, Cd etc.), which are
harmful to the environment and human health and hinder their practical
usages. Therefore, it is suggested that developing heavy metal-free core-
shell QDs (typically, I-III-VI group QDs) with excellent optical properties
are essential and promising for prospective high-performance QDs-based
optoelectronics. Unfortunately, due to their complex optical properties
(e.g., defect-related emission), current heavy metal-free core-shell QDs-
based solar energy conversion devices suffer lower performance challenges
despite their intrinsic broad light absorption as compared to heavy metals-
based core-shell QDs. More effective approaches for enhancing the optical
properties of heavy metal-free core-shell QDs and optimizing the perfor-
mance of corresponding QD-devices should be explored in terms of future
commercialization.
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