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Abstract: Deep-red light has significant application value in various fields, including biomedicine,
plant cultivation, and displays. The development of high-efficiency deep-red luminescent materials
is therefore of great importance. Semiconductor nanocrystals have been extensively studied as novel
luminescent materials due to their wavelength tunability, narrow emission linewidth, and high
luminescence efficiency. However, the advancement of deep-red nanocrystals has lagged behind
that of red, green, and blue nanocrystals, primarily due to material selection limitations. This review
summarizes the recent progress in the synthesis of deep-red nanocrystals based on their material
composition, including II-VI, III-V, I-III-VI, and perovskite nanocrystals.

Keywords: deep-red; nanocrystals; quantum dots; photoluminescence

1. Introduction

Deep-red light with a wavelength between 650 nm and 700 nm is a special range of the
visible spectrum owing to its high penetrability and bio-friendly features. Its applications
span fields including clinical treatment [1,2], enhancement of plant growth [3,4], develop-
ment of white light sources with elevated color rendering effects [5-7], and provision of a
wide color gamut for displays [8].

Semiconductor nanocrystals (NCs) or quantum dots (QDs) are highly luminescent
materials due to their quantum confinement effect. Compared with conventional organic
light-emitting materials, QDs have the advantages of easily tunable wavelength, narrow
emission linewidth, and high chemical stability [9,10]. The emitting wavelength of QDs
can be tuned by changing their size or chemical composition, constructing heterostruc-
tures to control the band alignment between the core and the shell, or introducing
impurities to generate mid-band -gap energy levels. Reducing defects to increase the
radiative recombination rate is critical to improving the photoluminescence quantum
yield (PLQY) of QDs. Internal defects can be reduced by regulating the growth process
of QDs, while surface defects can be passivated by organic ligands or inorganic shell
coatings [11,12]. Currently, red, green, and blue QDs used as light-emitting layer materi-
als for light-emitting diodes (QLEDs) have achieved external quantum efficiency (EQE)
and lifetimes close to commercial standards [13-15]. However, due to limited material
selection, deep-red QDs still fall short of other visible light QDs in terms of stability,
luminous intensity, and color purity.

Deep-red QDs can be realized using II-VI, III-V, or I-III-VI semiconductors as well as
metal halide perovskites. However, these materials face different challenges to achieve high
PLQY in the deep-red region. For example, to achieve deep-red emission, the sizes of CdSe
and InP QDs need to be excessively large, which inevitably induces high defect density and
severely deteriorates the PLQY [16,17]. Although deep-red perovskite QDs have shown
high PLQY, their inherent instability limits further applications [18,19]. Compared with
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traditional isotropic QDs, anisotropic NCs, such as nanorods (NRs) and nanoplates (NPLs),
have received much attention in recent years for their unique polarized emission, which
can improve the photon out-coupling efficiency and break the theoretical EQE limit of
isotropic QDs. Limited by their growth mechanism, anisotropic NCs are mainly composed
of II-VI semiconductors. These NCs exhibit strong quantum confinement effects in the
radial (NRs) or thickness direction (NPLs), as well as narrow emission linewidths, large
Stokes shifts, and unique polarized emissions, which make them ideal light-emitting layers
in LEDs [20-22].

This review summarizes the recent progress in the design and synthesis of deep-red
NCs, including II-VI QDs, II-VI NRs, II-VI NPLs, III-V QDs I-III-VI QDs, and perovskite
QDs. We compare their optical properties, such as PL peak position, full width at half max-
ima (FWHM), and PLQY, and summarize their synthesis methods, optimization processes,
and potential applications.

2. Different Types of Deep-Red Nanocrystals
2.1. II-VI Nanocrystals

CdSe QDs are the most studied II-VI semiconductors, and green and red CdSe QDs
have achieved superior optical properties. However, due to the relatively large bulk band
gap, CdSe QDs need to grow larger than 7 nm to reach PL peaks above 650 nm [23,24],
which makes it difficult to maintain a high PLQY because of the decrease in radiative
recombination rates due to the increased defect density with increasing size. Recently, Liu
et al. achieved the current best PLQY for CdZnSe-based QDs with a large size of 13 nm.
The addition of Zn avoids a significant decrease in PLQY during the increase in quantum
dot size, but the PL peak position is still limited to 650 nm [16]. To further red-shift the PL
emission, adding Te to CdS and CdSe to form alloyed QDs is an effective route. Owing to
the optical bending effects, alloyed CdSeTe and CdSTe QDs exhibit lower emission energies
than CdSe and CdS QDs with the same size, respectively [25-30]. Emission redshift can also
be achieved by constructing type II core-shell structures that allow carriers to delocalize to
the shell layer, thus reducing the photon energy. The enhancement of PLQY and stability
can be achieved through the construction of complex core-shell structures, especially those
with alloyed shell and multi-shell structures.

II-VI NPLs are also discussed in this section. Influenced by the strong exciton confine-
ment in the thickness direction, the effect of heterostructures on the emission energy of
NPLs is significant. Compared with CdSe QDs, it is easier to achieve deep-red emission
with CdSe NPLs by constructing core—shell or core—crown heterostructures.

Representative deep-red II-VI NCs are listed in Table 1.

Table 1. Summary of PL range, FWHM, PLQY, and synthesized methods of II-VI deep-red NCs.

# Material A (nm) FWHM (nm) PLQY Synthesis Year Ref.
1 CdSeTe/CdS 580-750 40-50 30-50% - otinjection; 2006 [26]
- Dropwise for shell growth.
o - Hot injection;
2 CdTeSe/CdZnS 650-800 - 60-80% ’ 2009 30
eSe/ & - Rapid injection for shell growth. [30]
3 CdSeTe/ZnS 650-750 - 40-70% - Aqueoussolution; 2010 [31]
- Low temperature for shell growth.
CdSTe (homogeneous) 690745 ; 6-7% - S/Te precursors were mixed
before injected.
4 2008 [29]
CdSTe (gradient) 670-695 B 4% - Te was injected 1-6 min following
the S precursor.
5 CdTeS/ZnS 550-750 ; 35% - Aqueous phase synthesis; 2018 [32]

- One-pot synthesis.
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Table 1. Cont.
# Material A (nm) FWHM (nm) PLQY Synthesis Year Ref.
6  CdTep12S088/CdxZn; S 694 >150 56% Non-injection; 2024 [33]
One-pot synthesis.
Hot-injection;
7 CdTe/ZnSe 500-1050 40-90 25-60% Successive ion layer adsorption and 2009 [34]
reaction (SILAR) method
8 CdTe/CdS 652-795 62-94 45-62% Hydrothermal; 2000  [35]
One-step.
9 CdTe/CdS 600-815 75-80 >40% Aqueous phase synthesis. 2012 [36]
10 CdTe/CdZnS 650820 33-60 30-65% Non-injection; 2012 [37]
One-pot.
11 CdTe/CdS/ZnS 660 - 64% One-pot aqueous synthesis. 2014 [38]
o Hot-injection;
— ~ ~90% ’ 3
13 CdTe/CdSe/ZnS 540-825 40 90% SILAR method. 2009 [39]
Hot-injection;
1 dTe/Cd! 4,689 4 —68% J 4 201 40
5 CdTe/CdSe 664,68 0 63-68% SILAR method. 016 [40]
16 CdZnS/ZnSe 520-680 ~35 50-60% Hot-injection. 2017 [41]
Hot-injection;
17 Z d 418-674 ~ 25-85% ) d 2 42
nSe/CdSe 8-6 30 5-85% SILAR method. 005 [42]
Hot-injection;
18 ZnCdSe/ZnSeS ~650 242 >90% Slow injection of Zn and S/Se 2023 [16]
precursors for shell growth.
Continuous annealing and injection
19 ZnS/Zny_4CdxS:Cu 520-730 ~100-200 20-30% of Cd precursor for alloying; 2011 [43]
Growth doping.
One-pot synthesis to dope;
Zn and S precursors injected to
2 ds:Cu/z 71 - 40-50% p J 2012 6
0 CdS:Cu/ZnS 630-710 0-50% CdS:Cu QDs solution for shell 0 (6]
growth.
21 CdS/ZnS:Cu 657-678 - 40% Microwave-assisted synthesis. 2015 [5]
2 CdS:Ag@Sh,05 687 132 66.50% Cation exchange between AgsSbSs 5919 4]
and Cd=*.
Hot injection;
23 CdSe/CdS NR (giant rod) 653 32 10% A second injection of Cd during 2018 [45]
seed-growth.
Mixed Se/Te precursor for hot
24  CdSeTe/CdZnS/ZnS NR 670 61 45% injection; ) 2024 [46]
Slow injection of Zn during
seed-growth.
Extra OAm added to stabilize CdSe
25 CdSe/CdS NPL 670 20 50-60% NPL in high temperature; 2017 [47]
Shell growth at 300 °C.
26 CdSe(d MBIfEdXZHHS 655 20 88%
Cd(OA), /Zn(OA), used for CdZnS
hell th.
g7 CdSe(6ML)/CdiZnyS 692 » 92% shetl grow 2019 [48]
NPL
8 CdSe/ZnSe NPL 684 2 47% Se-ODE slowly injected for shell

growth.
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Table 1. Cont.
# Material A (nm) FWHM (nm) PLQY Synthesis Year Ref.
- Cd(Ac),-2H,0 and S-ODE injected
29 (CdSe/CdS)@(CdS/CdZnS) 665 30 81% to CdSe NPL for CdS crown growth; 599 [49]
NPL - NMF and ammonium sulfide used
for CdS shell growth;
(CdSe/CdS)@(1-4 o - Zn(Ac)2 and octanethiol used for
30 CdS/CdZnS) NPL 701 26 88% ZnS shell growth. 2022 [50]

Bailey et al. reported the optical bending effect on the luminescence of CdSeTe alloyed
QDs. As shown in Figure 1, the band gap and luminescence wavelength of CdSeTe QDs
are regulated by both size and composition, and there is an obvious nonlinear relationship
between Te content and the band gap energy (Figure 1b) or luminescence wavelength
(Figure 1c). This optical bending effect is caused by the difference in atomic size and
electronegativity values of differentions. As a result, the band gap of CdSeTe QDs gradually
decreases as the Te content increases from 0% to 60%, where the band gap reaches the
minimum value, and higher Te content tends to increase the band gap [25]. Jiang et al.
achieved CdSeTe QDs with emissions tuned in the range of 480-850 nm by adjusting the
ratio of Se to Te and controlling the reaction temperature. The higher reactivity of Te
compared to Se resulted in the formation of a gradient structure consisting of a high Te ratio
in the core and a high Se ratio on the surface of the QDs, which made the structure more
resistant to oxidation compared to pure CdTe QDs. However, degradation still occurred
after prolonged storage of 1 day, resulting in a blueshift of luminescence and a decrease
in PLQY [28]. Therefore, the authors applied a one-monolayer-thick CdS shell coating at
280 °C to further improve the stability [26].

The shell coating of CdSeTe QDs was further studied by Pons et al. The CdSeTe/CdZnS
QDs were obtained by dropwise addition of S/Zn precursor to a trioctylamine solution
containing CdSeTe QDs and Cd precursor, and the thickness of the shell layer could reach
up to 3 monolayers. The thick shell successfully avoided PL quenching during the transfer
from the organic phase to the aqueous phase, enabling further application in the field of
bioimaging probes [30]. Similarly, Liang et al. investigated the synthesis of CdSeTe/ZnS
QDs in aqueous solution to avoid the reduction of PLQY during phase transfer. The authors
pointed out that low temperature is important to avoid core ripening and achieve uniform
ZnS encapsulation. The PLQY of the core—shell QDs reached 68% in the deep-red region,
and the optical properties remained stable for several months [31].

CdSTe QDs are similar to CdSeTe QDs in terms of emission wavelength tuning. Gu-
rusinghe et al. obtained homogeneously alloyed CdSTe QDs in the range of 690-745 nm
and gradient-alloyed CdSTe QDs in the range of 670-695 by controlling the ratio of injected
S to Te precursors [29]. The optical bending effect of the gradient-alloyed QDs was less
pronounced than that of the homogeneous alloy, leading to a smaller PL redshift, which
was consistent with the previous observations in CdSeTe QDs.

Kunstman et al. obtained CdTeS/ZnS QDs by one-pot aqueous phase synthesis.
Briefly, NaHTe was rapidly injected into an aqueous solution containing CdCly, Zn(OAc),,
and 3-mercaptopropionic acid (MPA) in an alkaline environment. S ions were supplied
by thermally decomposed MPA. Due to the lower reactivity of Zn than Cd, Te and S
preferentially reacted with Cd to form CdTeS QDs. After the Cd precursor was depleted,
the remaining S and Zn started to form a ZnS shell layer. The size of the CdTeS core was
adjusted by the ratio of precursors, and the PL peaks covered a wide range from green to
near-infrared with a PLQY of 35% [32]. Recently, Loghina et al. developed disubstituted
thiourea as a new source of S to achieve the synthesis of CdTeS/CdyxZn;_«5 QDs in the
organic phase. The Cd passivated defects in the shell layer, and the QDs with high Cd
content exhibited a higher PLQY than those with a low Cd content [33].
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Figure 1. Relationship between the composition and the absorption/emission energies for homoge-
neous CdSe;_,Te, quantum dots at different sizes: (a) UV—Vis absorption and photoluminescence
spectra of CdSep 34Teg g6 quantum dots in the size range of 2.7-8.6 nm; (b) plots of the absorption
onset energy (in eV) as a function of tellurium content; and (c) plots of the emission peak wavelength
(nm) as a function of tellurium content. Note that the absorption onsets are slightly lower in energy
than the emission maxima. Reproduced with permission of reference [25].

Type II core-shell structures can achieve a wide wavelength range by allowing the
delocalization of carriers to the shell layer. Smith et al. investigated the change in the
energy band structure of CdTe/ZnSe QDs during the deposition of ZnSe shell on CdTe
cores. They found that at the nanoscale, due to compression of the core by the ZnSe shell,
the CdTe conduction band energy increased while the ZnSe valence band energy decreased,
and thus the band alignment changed from type I to type II (Figure 2). In addition, smaller
cores were more susceptible to shell layer compression, resulting in a more significant of
redshift than in the larger cores. By modifying the core size and shell layer thickness, the
emission wavelength of CdTe/ZnSe QDs covered a wide range of 500-1050 nm [34].

Similar modifications of band alignment also exist in other typical type II heterostruc-
tures, such as CdTe/CdS and CdTe/CdSe. In the synthesis of CdTe/CdS QDs, Dai et al.
obtained small CdTe cores with a diameter of less than 3 nm by limiting the amount of Te
precursor, which led to a larger redshift after the shell coating. The PL peak was gradually
redshifted from 600 nm to 815 nm with the increased shell coating time [36]. Mehriban et al.
obtained CdTe/CdS/ZnS QDs by directly injecting Zn precursors into a crude solution of
CdTe/CdS QDs. For CdTe/CdS QDs with emission in the range of 650-660 nm, the PL
peak position of the QDs showed a slight redshift and the PLQY was enhanced from 57%
to 64% after growing a thin layer of ZnS shell [38].

Chin et al. achieved epitaxial growth of CdSe on CdTe QDs via a successive ionic
layer adsorption and reaction (SILAR) method at a low temperature of 150 °C. Low-activity
shell precursors were alternatively added in drops to avoid homogeneous nucleation of
CdSe QDs and CdTe core ripening [51]. For the synthesis of CdTe/CdSe/ZnS, Zhang et al.
referred to the method introduced in [51]. The CdSe branched growth was avoided by
replacing trioctylphosphine oxide (TOPO) with the non-coordinating solvent 1-octadecene
(ODE) [34]. The slow epitaxial growth of CdSe efficiently passivated surface defects, and



Crystals 2024, 14, 788

6 of 21

the obtained CdTe/CdSe QDs reached a peak PLQY in the deep-red band of >90% with a
FWHM of 30—40 nm. For the epitaxial growth of the ZnS layer, the authors found that the
single precursor Zn(DDTC), was more suitable compared to the mixture of zinc carboxylate
and sulfur, as it can thermally decompose at lower temperatures to release Zn and S ions.
The QDs after encapsulating ZnS achieved high stability for effective exciton confinement
inside the shell and remained stable for several days even after transfer to aqueous solvent
(Figure 3) [39]. For deep-red QLEDs, Shen et al. fabricated CdTe/CdSe-based QLEDs with
a maximum EQE of 6.19% at a peak wavelength of 689 nm [40].

(a) Bulk Relaxed Epitaxial Epitaxial
solid state (core) shell (core) thin shell (core) thick shell

; : . .

(b) Conduction [RGIE ZnSe

band e
Valence
band

Figure 2. Schematic of band energy changes in quantum dots induced by lattice strain. (a) Lattice
strain of ordinary and strained (CdTe)ZnSe nanocrystals. (b) Valence and conduction band energy
levels for the corresponding structures in a. The wavy arrows and their colors indicate band-edge
fluorescence emission and their approximate wavelengths. The horizontal band lengths correspond to
the thicknesses of the core and the shell. Relaxed nanostructures form standard type-I heterojunctions
but are converted to type-II behavior when the core is ‘squeezed” and the shell is ‘stretched’ by the
strain from heteroepitaxial growth. Reproduced with permission of reference [34].

100
(a) '\ -{ 60 (b) :f/TeICdSoIZnSinCHcll
80 - » - CdTe/CdSe/znS in H,0
& =
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S 60 [ £
(] sz
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I T T T T T | T
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Wavelength (nm)

Wavelength (nm)

Figure 3. (a) PLQYs and corresponding FWHM'’s of the obtained CdTe/CdSe core/shell QDs with
different PL emission wavelengths. The emission wavelength of 560 nm corresponds to CdTe core
nanocrystals. (b) PL spectra (Aex = 400 nm) of CdTe/CdSe (1 ML CdSe) and CdTe/CdSe/ZnS
nanocrystals (1 ML CdSe, 2 ML ZnS) before (chloroform solutions) and after (aqueous solutions)
phase transfer with the use of MPA. All colloidal solutions exhibit identical optical densities at the
excitation wavelength. Reproduced with permission of reference [39].
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The most commonly developed NRs are CdSe/CdS “dot-in-rod” NRs. Moreels et al.
attempted to achieve PL redshift by increasing the size of the CdSe core or the thickness of
the shell; however, the maximum emission wavelength was limited to 650 nm (Figure 4) [45].
By contrast, doping the CdSe core with a small amount of Te could achieve the deep-red
emission of NRs. However, similar to QDs, Te doping in NRs also causes broadened PL and
decreased PLQY. Although the optical properties can be optimized by shell layer design, the
performance of deep-red NRs still falls behind of that of undoped red-emitting NRs [46,52].
Therefore, further development and optimization of deep-red NRs are required.

CdSe

First injection
CdSe/Cd,_,Zn.S formation

jecti
CdSe/CdS DiGR

(b) (c)

- - 3.2nm

© -3.8nm|

Q -45nm| s

= 57ném| &

£ -75nm| &

38

< =~ |

400 500 600 700 800 560 600 640 680 20
Wavelength (nm) Wavelength (nm)

Figure 4. (a). Schematic of CdSe/CdS NRs with a giant shell; (b) Absorbance and (c) PL spectra of
CdSe/CdS NRs with different CdSe core diameters excited by 450 nm. Reproduced with permission

of reference [45].

For NPLs, constructing heterostructures is a better way to achieve deep-red emis-
sion than doping, which usually causes loss of optical properties [53-55]. The emission
wavelength of core—shell NPLs is determined by the thicknesses and the shell composition.
Rossinelli et al. coated the CdSe NPLs with a fourteen-monolayer-thick CdS shell, which
shifted the PL peak position from 515 nm to 670 nm. The uniform shell ensured a narrow
PL FWHM of 20 nm and a PLQY of 50-60% [47]. In another report, the authors investigated
different shell compositions and compared the effect of CdSe core thickness on the optical
properties. By increasing the thickness of CdSe core and constructing an alloyed CdZnS
shell, the NPLs exhibited a high PLQY of 92% at 692 nm [48].

LEDs based on deep-red NPLs were demonstrated by Shabani et al. using a complex
NPL heterostructure of (CdSe/CdS)@(CdS/CdZnS). The CdS crown was first grown
around the CdSe NPLs to form a core—crown structure, which was further coated with
CdS and CdZnS shells that covered all crystalline faces. The PL peak redshifted from
512 nm to 665 nm after CdS and CdZnS shell coating (Figure 5). The deep-red LEDs
based on these NPLs had an EQE of up to 9.89% due to the good carrier confinement by
the multi-shell structure [49]. In a subsequent report, the authors increased the thickness
of the CdS shell and the PL peak of (CdSe/CdS)@(4CdS/CdZnS) NPLs further redshifted
to 700 nm [50].
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(a) (CdSe/CdS)/CdS (CdSe/CdS)@(CdS/CdZnS)
CdSe core CdSe/CdS core/crown/shell core/crown/shell/shell
core/crown
®Cd
® Se
S

® Zn
S
8 S
@ z
L2 @
-
a

400 500 600 700 800
Wavelength (nm)

Figure 5. (a) Schematic of (CdSe/CdS)@(CdS/ZnS) NPLs. (b) TEM images of NPLs showing
maintained 2D shape. (c) Band alignment of CdSe, CdS, and CdZnS. (d) Absorption (black line) and
PL spectra (red line) of (CdSe/CdS)@(CdS/ZnS) NPLs. Inset: photographs of the NPL solution under
daylight (top) and 365 nm UV light (below). Reproduced with permission of reference [49].

2.2. III-V Nanocrystals

InP is a widely studied III-V semiconductor with a bulk band gap of 1.35 eV. InP
QDs cover a wide spectral range from visible to near-infrared. They are considered as an
environment-friendly substitute for II-VI group QDs containing heavy metals and have
been applied in many fields, such as displays and imaging [56-58].

In early studies, silylphosphine was commonly used as the phosphorus source in the
synthesis of InP, while the low dissociation energy of the P—Si bond led to the rapid release
of phosphorus, which deviated the nucleation growth process from the classical LaMer model.
The rapid depletion of precursors also led to the maturation of QDs, which made it difficult
to obtain high-quality large-size QDs [59-62]. Therefore, using low reactive precursors to
synthesize large InP QDs has been proven to achieve deep-red emission [63,64].

Due to the weak bonding of organic ligands, a large number of In and P dangling
bonds exist on the surface of InP QDs, which create mid-gap energy levels in QDs to
trap carriers, leading to a decrease in PLQY [65,66]. Shell coating is an effective method
to passivate defects. However, the large lattice mismatch between InP and ZnS (7.6%)
makes it difficult to grow a thick ZnS shell, which becomes more significant when the
core size is larger. Choosing materials with a better lattice match, such as ZnSe, or alloyed
materials can achieve a more uniform shell coating, thereby optimizing the luminescence
performance of InP QDs. Constructing different types of core—shell structures can also
help to achieve PL redshift. For example, shells of medium-band gap materials allow
electrons to delocalize easily from the core to the shell, thereby achieving redshifted
emission to the deep-red region.

The properties and synthesis methods of deep-red InP QDs are summarized in Table 2.

Table 2. III-V deep-red nanocrystals, their PL, and synthesized features.

# Material A (nm) FWHM (nm) PLQY Synthesis Year Ref.

1 InP (HF treated) 575730 - 30% - Heatchloroindium oxalate with 199  [61]
P(SIM€3)3

2 InP (HF treated) 522-752 - 20~40% - Injection of InCl; and P(TMS)3 2002 [67]

3 InP (Wurtzite) 600-810 - >30% - Cation exchange from Cu_.P; 2023 [68]

- Passivation with NOBF;.
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Table 2. Cont.

Material

A (nm) FWHM (nm) PLQY Synthesis Year Ref.

InP; InP/ZnS

- Hot-injection of P(NEt;)3 to In(I)CL;

40-79% - Zn(DDTC), used for shell growth.

507-728 43-75 2023 [69]

InP/ZnS

554-681 187 meV 40% - Multistage microfluidic platform;

InP/CdS

- Extra myristic acid was added to 2018 [70]

608-768 obtain large size InP QDs.

215 meV 50%

InP/ZnSe

- Constant-Rate Injection;
655 53 - - Zinc neodecanoate and TOP-Se 2020 [71]
were injected for shell growth.

InP/ZnSe/ZnSeS/ZnS

- (DMA)3P injected to InCl3

and ZnCly;

A mixture of Se and S precursor 2023 [72]
used in SILAR method for

shell growth.

680 66 95% -

InP/ZnSe/ZnS

- (DMA);P injected to InCl3
and ZnCl,;

- Se-Top, S-TOP, and ZnSt used in
SILAR method for shell growth.

626-670 44-52 60-74% 2023 [73]

InP/ZnSe/ZnS/Al,O3

- (DEA)3P injected to InCl;

- Zn-oleate and Se-TOP used for
ZnSe shell growth; ZnSt and S-TOP 2024 [74]
used for ZnS growth; AI(IPA)3 used
for Al,O3 growth.

720 45 43%

10

ZnSe/InP/ZnS

- Hot-injection;
515-845 >120 38% - (TMS)3P and In(OA)3 used in 2021 [75]
SILAR method for shell growth.

11

InP:Cu/ZnSe

- (TMS)3P and indium acetate used
for hot injection;
/ 2009 76
- Copper stearate was added slowly L76]
during nucleation of InP.

630-1100 240 meV 35-40%

12

InP/ZnS:Cu

680-900 190 40% - Cudoped after shell growth. 2019 [771

13

InP:Cu/ZnCulnS/ZnS

One-pot synthesis; 2021 [78]

" i -
694-850 - CuCl; (or CuCl) used for doping.

71.5-82.4%

14

InP:Ru/ZnS

- P(TMS);3 injected to InCls;
77.6% - Ru(acac); injected after InP QDs 2023 [79]
synthesized for doping.

655 -

In 1996, Micic et al. synthesized InP QDs with diameters between 2.6 nm and 6 nm
using indium oxalate and tris(trimethylsilyl)phosphine precursors, and for the first time,
obtained single-peak band-edge emission by eliminating defect peaks through HF passi-
vation. However, the FWHM of these QDs was very broad, especially at larger QD sizes,
reaching 70 nm [61].

In order to narrow the emission bandwidth, Yang et al. developed a new synthesis scheme
for full-spectrum luminescent InP/ZnS QDs. Indium acetate and tris(trimethylsilyl)phosphine
as precursors were first premixed sufficiently at room temperature to form the initial fine
InP nuclei. The growth rate of the QDs was controlled by the addition of zinc stearate in
the subsequent heated growth process. Although this approach achieved QDs covering
430-670 nm luminescence and the FWHM at 550 nm decreased to below 50 nm, the FWHM
of QDs in the deep-red region increased significantly to above 80 nm as the zinc stearate
was gradually consumed [80].

Given that silylphosphine is not an ideal precursor for the synthesis of large InP QDs,
in order to control the growth process, ammonia-phosphorus with a higher P—N bond
energy was studied. The emission wavelength was controlled by modifying the type of InX,
(X =Cl, By, I) and the In:P ratio to modulate the precursor conversion rate. However, ZnCly,
a passivator commonly used in the synthesis of InP QDs using ammonia phosphorus, has
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been found to lead to shallow trap states in QDs, resulting in broadened PL width [81].
Recently, Reiss et al. synthesized InP QDs with tunable PL between 507 nm and 728 nm
using In(I)X (X = Cl, Br, I) as the indium source (Figure 6). In addition to providing In ions,
the monovalent indium also acted as a reducing agent in the disproportionation reaction
of aminophosphine, which overcame the limitation of the In/P ratio in the traditional
scheme using InX; and achieved a wider wavelength range. Without adding ZnCl,, the PL
FWHM of InP QDs was only 43 nm at 670 nm, which is the narrowest value for deep-red
InP QDs so far. However, due to the large lattice mismatch between InP and ZnS, shell
growth was challenging and the PLQY of InP/ZnS QDs in this study was only 16%, which
is considerably lower than that of red-emitting InP QDs [69].
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Figure 6. (a) Schematic of InP/ZnS QDs; (b) Steady-state PL spectra of deep-red InP/ZnS QDs with
shelling time; (c) FWHM and PLQY as a function of PL peak position; (d) PL spectra of InP QDs
synthesized with Inl, InBr, and InCl. Reproduced with permission of reference [69].

In order to reduce the interfacial strain and defects, introducing an intermediate
shell with small lattice mismatches can further improve the optical performance of InP
core/shell QDs. This has been well demonstrated in green- and red-emitting InP QDs,
which achieve close to 100% PLQY [82,83]. Huang et al. successfully synthesized multi-
shell InP/ZnSe/ZnSeS/ZnS QDs with a PL peak located at 680 nm. A low-reactivity
indium precursor was introduced to synthesize large InP cores with a PL peak at 650 nm.
The coating of a ZnSe layer that allowed electron delocalization resulted in red-shifted
emission to 683 nm. A ZnSeS shell was added as a transition layer prior to the ZnS shell,
which provided a smoother potential barrier and reduced interfacial defects compared
to direct growth of the ZnS shell. The PLQY of the final QDs reached 95%, which is
the highest value available for deep-red InP QDs [72]. However, the PL FWHM was
broadened to 66 nm during the ZnSeS coating. In a subsequent report, Soheyli et al. were
able to narrow the PL FWHM of InP/ZnSe/ZnS QDs to 50 nm, which came at the cost
of a lower PLQY of 60% [73]. Recently, Reiss et al. applied a different multilayer shell
coating to InP QDs, and the resulting InP/ZnSe/ZnS/ Al,O3 QDs emitting at 725 nm
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had an FWHM of only 45 nm. The Al,O3 layer not only played the same role as ZnS
to confine carriers and improve the PLQY but also resulted in significantly improved
stability of the QDs during transfer to the aqueous phase via ligand exchange, which
extended their application in biomedical fields [74].

In addition to optimizing the synthesis of large InP QDs, other methods used to
red-shift the luminescence peak position include the construction of anti-I-type core—shell
structures and doping. However, InP QDs synthesized by these methods at present usually
have a wide half-peak width [75,77-79,84].

2.3. I-III-VI Nanocrystals

I-III-VI QDs such as CulnS; and AgInS, can easily achieve deep-red emission by
composition and size modulation. However, limited by the luminescence mechanism
of multiple radiation centers associated with defects states, the FWHM is usually over
100 nm. The poor color purity of I-III-VI QDs renders them unsuitable for color displays.
However, the broad emission bandwidth and substantial Stokes shift indicate their potential
application for white light LEDs [85,86]. The low toxicity of these QDs is highly desired for
biomedical imaging, while their long fluorescence lifetimes also make them well suited for
fluorescence probes [87-91].

The properties and synthesis methods of I-III-VI deep-red QDs are summarized in
Table 3.

Table 3. I-11I-VI deep-red nanocrystals, their PL, and synthesized features.

Material

A (nm) FWHM (nm) PLQY Synthesis Year Ref.

CulnS,

~663 100 <5% - Thermal decomposition; 2004 [92]

- Single-source precursor

CulnS,/ZnS

550-800 90-120 >50%  ~  In(Ac), Cu(Ac),, and DDT used for 2012 [89]

non-injection synthesis.

CulnS,/ZnS

530-710 128 5-80% -~  Non-injection; 2018 [93]

- DDT used as the only ligand.

Cu—Zn-In-S

- Hot-injection;

580-750 - ~70% - S precursor injected to zinc acetate, indium 2011 [94]

acetate, and DDT.

Cu-Sn-In-S/ZnS

628-785 5120 75% - Cu(Ac),, In(Ac)s, SnCl,-2H,0, and DDT 2018 [95]

used for non-injection synthesis.

=)}

Cuw:Zn-In-S/ZnS

450-810 ) 70-80% - Cu(OAc), Zn(OAc), In(OAc)s, S,and DDT 514

96
used for non-injection method. o6l

AgInS,

689-817 ~98 ~35% -  MDP usedasligand; 2015 [97]

- Room-temperature aqueous synthesis.

AgInS;:Zn

- AgNO3, In(Ac)s, and DDT used for

520-680 _ 41% non-injection synthesis; 2012 [98]

- Zn/S precursors injected to AIS QDs
reaction solution to dope.

el

AgInS, /ZnS

- DMTU used as S precursor injected to

600-700 140-150 60% Ag(ac), In(ac);, and DDT; 202 [99]

- Zn(CH3COOQO); and DMTU used for
shell growth.

AglInSe/ZnSe/ZnS

- Se precursor injected to AgNO3 and In(Ac)3;
- ZnSe precursor slowly injected to AISe QD

670 148 46% solution for ZnSe shell growth; 2024 [100]

- ZnS precursor slowly injected to AISe/ZnSe
QD solution for ZnS shell growth.

AgInGaS

550-670 160 55% - DDT injected to AgNOs, In(Ac)s, 202 [101]

and Ga(Ac)s.
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As ternary nanocrystals, one of the keys to the synthesis of I-III-VI QDs is to regulate
the activity of different metal precursors in binding to sulfur or selenide, which is important
for reducing the formation of impurities and defects. In 2004, Castro et al. synthesized
CulnS2 QDs for the first time using thermal decomposition of a single-source precursor.
Limited by the fixed ionic ratio and activity of the single precursor, the resulting QDs
exhibited a limited emission range and extremely low PLQY [92]. In the following report by
Peng et al., CulnS; QDs synthesized using independently regulated precursors exhibited a
broader emission range, with a PLQY of 30% after in situ ZnS shelling. As shown in Figure 7,
the band edge of CulnS; QDs with different sizes covered 600-900 nm After size-selective
precipitation progress, the photoluminescence excitation (PLE) spectra of CulnS,/ZnS
QDs was in good agreement with the excitonic absorption peak, which confirmed that the
broadening of PL emission was not from size dispersion [102].
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Figure 7. (a) Absorption spectra of different-sized CulnS, QDs. (b) The size-dependent absorption
band edge of CulnS; QDs. (c) Photoluminescence properties of CulnS2/ZnS core—shell QDs. (d) The
PLE, PL, and absorption spectra of CulnS; /ZnS QDs after size selection. Reproduced with permission
of reference [102].

The addition of Zn?*, Sn%*, Ga2*, and other ions during the synthesis of I-1II-V
QDs can result in the formation of doped or alloyed quaternary QDs, which exhibit en-
hanced luminescence performance due to the reduction of cationic vacancies and surface
defects [94,96,98,101,103-107]. The Cu-In-Zn-S QDs synthesized by Zhang et al. covered
the emission range from green to near-infrared by adjusting the elemental composition and
size. For example, the PL peak was about 700 nm at a Cu/Zn ratio of 1:1 and gradually
blue-shifted with increasing content of Zn, while the PLQY also rose because of the reduc-
tion of internal defects, reaching 81% at 630 nm [93]. Xie et al. achieved tunable deep-red
and near-infrared emission by the addition of Sn in CulnS,/ZnS QDs. Sn doping decreased
the band gap, and with the increment of Sn content, the PL peak of Cu-Sn-In-S/ZnS QDs
shifted from 628 nm to 785 nm [95].

2.4. Perovskite Nanocrystals

Metal halide perovskite QDs have attracted great interest in recent years due to their
excellent optical properties, such as high PLQY, narrow PL FWHM, and fast radiative
recombination. In particular, the all-inorganic perovskite CsPbX3 (X = Cl, Br, I) exhibits
enhanced stability compared to organic-inorganic perovskites. The emission wavelength of
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perovskite QDs is usually tuned by controlling their composition. CsPbljs is representative
deep-red perovskite QDs. Compared with the most studied green CsPbBrs QDs, CsPbls
QDs have lower stability and luminescence intensity, which can be explained by calculating
the Goldschmidt tolerance factor (t) and octahedral factor (i) of CsPbls. In addition, the
ionic nature of perovskite results in rapid degradation in polar solvents, which significantly
limits its applications. Several strategies, including optimizing surface ligands, ion doping,
and constructing heterostructures, have been used to suppress the phase transition and
improve the performance of CsPblz QDs. In this section, we mainly review the optimization
methods of CsPbl; as representative deep-red perovskite QDs.

The properties and synthesis methods of deep-red perovskite QDs are summarized in
Table 4.

Table 4. Perovskite deep-red-emitting QDs, their PL, and synthesized features.

# Material A (nm) FWHM (nm) PLQY Synthesis Year Ref.
1 CsPbls 650-700 ~42 60-90% - Hot injection. 2015 [108]
2 CsPbBr3_,Ix 514-695 20-42 56-78% - Hot injection. 2016 [109]
3 CsPbl, 691 32 58% - Hot injection; 2018 [110]
- Benzoyliodide as precursors.
4 CsPbl; 688 33 95% - Hotinjection; 2018 [111]
- IDA used for post-treatment.
5 CsPbl; 687 - 98% - Hot injection; 2019 [112]
- Surface treatment with NH4PFj,
- Hot injection with a mixture of
E 70% 7 113
6 FA0.1Cs9Pbl3 690 45 >70% FA-oleate and Cs-oleate. 201 [113]
7 CsPbg ¢4Zng 3613 682 - 98.5% - Hot injection. 2019 [114]
8 Caly /y-CsPblz /Cal, 684 31 98% - Seed-assisted heteroepitaxial growth. 2023 [115]

9 CsPblz/ZnSe

- Hot injection;
675 - 96% - Metal-chalcogenide used to stabilize =~ 2024  [116]
perovskite QDs at high temperature.

Protesescu et al. synthesized a series of colloidal CsPbX3 (X = Cl, Bz, I) QDs via the
hot injection method. By modifying the injection temperature and the halide composition,
the PL position could be adjusted across the visible spectrum (410-700 nm) with excellent
PLQY and color purity (Figure 8). The authors further pointed out that compared with
stable CsPbBr3 and CsPbCl13 QDs, CsPbI3 QDs gradually transformed into a yellow non-
luminescent phase (orthorhombic phase) after prolonged storage [108].

OA and OAm ligands may be released from perovskite QDs due to the protonation and
deprotonation process, which reduces the stability of perovskite QDs. Therefore, Pan et al.
used a bidentate ligand of 2,2’-iminodibenzoic acid (IDA) to passivate CsPbl; QDs [111].
Compared with OA with only one carboxyl group, IDA with two carboxyl groups has a
larger binding energy with the Pb atoms, which better stabilized the perovskite phase of
CsPbl;. In addition, the improved ligand binding energy also resulted in a PLQY of up to
95% in the deep-red region.

Improving the Goldschmidt tolerance factor by changing the bond length between
ions reduces the [Pblg]*~ octahedral distortion and improves the phase stability. Protesescu
et al. added FA* to CsPbl; QDs and achieved a PLQY of >70% at 685 nm. The stability of
FA( 1Csg9Pbl; QDs was significantly improved compared to pure CsPbls QDs [113]. How-
ever, the organic cations still faced issues such as thermal stability in practical applications.
Another approach is to partially substitute Pb* with other smaller metal ions to improve
the tolerance factor. Rogach et al. prepared alloyed CsPb;_,Zn,I3 QDs via hot injection.
As the Zn content increased, the PL peak position blue-shifted from 678 nm to 662 nm due
to lattice shrinking and decreasing size. The PLQY of CsPbg 44Zn 3413 reached near 100%.
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The Zn-alloyed structure also reduced the hole injection barrier compared with CsPbl; in
QLEDs, allowing an enhanced EQE of 15.1%. In addition to Zn%*, other small divalent
metal ions such as Ni2*, MnZ*, and Sr?* or heterovalent ions such as Bi®*, Sb3*, Yb®*, etc.
can also achieve significant improvements in stabilizing CsPbl; QDs [117-119].

kd QY=50-90%
T1.=1-29 ns
b  CsPb(ClI/Br), CsPb(I/Br), o
CsPbCl, CsPbBr, CsPbl, o 3
— 3 — s, > &
Q 5
< £
FWHM o
T 12 nm-42 nm =z
£
o -
z J
400 450 500 550 600 650 700 750 300 0 20 40 60
Wavelength (nm) Wavelength (nm) Time (ns)

Figure 8. Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) exhibit size- and composition-tunable band
gap energies covering the entire visible spectral region with narrow and bright emission: (a) colloidal
solutions in toluene under UV lamp (A = 365 nm); (b) representative PL spectra (Aexc = 400 nm for all
but 350 nm for CsPbCl; samples); (c) typical optical absorption and PL spectra; (d) time-resolved PL
decays for all samples shown in (c) except CsPbCl3. Reproduced with permission of reference [108].

Due to the soft ionic bonding and the lattice mismatch, it is difficult to build core—
shell structures on perovskite QDs, and only a few reports mainly focus on the more
stable CsPbBrs QDs [120-124]. Guo et al. prepared Cal, /-, -CsPbls/Cal, core-shell QDs.
Calx nanoparticles were first formed in the reaction solution and then used as seeds
for heteroepitaxial growth of orthorhombic CsPbl3[125]. This templated growth mode
effectively suppressed the octahedral distortion of perovskite and improved the phase
stability of CsPbls. The toluene dispersion could be stored in air for more than three months.
In addition, the excess Cal, particles could form a large band gap shell outside CsPbls
QDs through adsorption, which further passivated surface defects. The EQE of the QLED
reached as high as 25.3% [115].

Recently, Rogach et al. achieved epitaxial growth of the ZnSe shell on the surface of
CsPbls QDs through in -situ thermal injection. In order to satisfy the growth temperature of
ZnSe, CsPblz had to be synthesized and stabilized at high temperatures (over 240 °C). This
was achieved by the addition of oleylammonium iodide, which was shown to prevent the
phase transition of CsPbl; at high temperatures. The CsPbl3/ZnSe QDs showed deep-red
emission with a PLQY of 96% thanks to the passivation and confinement effects of the ZnSe
shell, despite the fact that ZnSe failed to form a complete shell on the CsPbl; core. Due
to the reduction of the exposed surface and the fixation of the octahedral structure by the
stable interface, CsPblsz/ZnSe showed a slower degradation rate than bare CsPbl; QDs
(Figure 9) [116].

We note that construction of a complete core—shell structure is an important direction
for further research on CsPblz QDs and is expected to lead to better stability and optical
performance. In addition, heavy -metal-free shells such as ZnSe and ZnS can confine
the lead inside the shell, thereby reducing the biological toxicity of perovskite QDs and
expanding their applications.
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Figure 9. (a) PL intensity comparison between pristine CsPblz NC and CsPbl3/ZnSe NC solutions
after 4 months of storage under ambient condition, with the inset showing the decrease in PL intensity
(in percentage). (b—d) PL intensity comparison, with insets showing photographs of CsPblz /ZnSe
NCs (left side) and pristine CsPbl3 NCs (right side) for (b) their colloidal solutions subjected to
302 nm UV irradiation (8 W) for 6 h, and (c,d) heat treatment of their thin films at 60 °C for 10 h and
100 °C for 4 h, respectively. Reproduced with permission of reference [116].

3. Conclusions

Deep-red nanocrystals play important roles in fields including biomedicine, plant
growth, and displays. Despite receiving relatively less attention in comparison to that of
red, green, and blue nanocrystals, some noteworthy reports on deep-red nanocrystals have
emerged in recent years. The aim of this review is to provide a summary of the properties
and potential applications of deep-red nanocrystals with different compositions and to
offer inspiration for subsequent studies.

1. The QLEDs based on deep-red II-VI QDs need further optimization, which is
expected to achieved by introducing an alloyed shell layer with gradient barriers or ligand
exchange. Anisotropic nanocrystals have shown great potential in electroluminescent
devices in recent years, and the highest EQE of a deep-red QLED based on nanocrystals
has been achieved with NPLs with a “core-crown-multishell” structure.

2. Perovskite nanocrystals achieve a high PLQY with a narrow emission linewidth in
the deep-red region; however, although many efforts have been devoted to realizing their
display applications, they still face the stability issue. In addition, Pb-containing per-
ovskites also have the same potential environmental issues as II-VI Cd-based nanocrys-
tals. Accelerating research on lead-free perovskites or coating Pb-based perovskite



Crystals 2024, 14, 788 16 of 21

nanocrystals with heavy -metal-free materials, similar to Cd-based nanocrystals, may
provide possible solutions.

3. Research into heavy metal-free deep-red nanocrystals is necessary. InP QDs have the
potential to be excellent alternatives to Cd-based QDs, which they have nearly accomplished
in red and green light, but their emission intensity and color purity in the deep-red band
need to be further optimized to meet commercial standards.
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