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Synthesis, Applications, and Prospects of Quantum-Dot-in-

Perovskite Solids

Haijie Chen, Joao M. Pina, Yi Hou, and Edward H. Sargent*

Quantum-dot-in-perovskite solids (QDiP), wherein colloidal quantum dots
(CQDs) are inside bulk hybrid halide perovskites, have emerged as a novel
class of semiconductors with mixed dimensionalities. The interfacial quality
achieved enables good charge transport from the perovskite matrix to the
embedded dots and leads to photon interaction functionalities that go beyond
those of the single-phase constituents. In this review, recent advances in

the synthesis and compositions of QDiP are showcased, the improved
optoelectronic properties are discussed, and their applications are explored.
The authors focus on how the combination of CQDs and halide perovskites
enhances stability, charge transport, and carrier diffusion length. Progress in
device operation (prominently, light-emitting diodes and solar cells) is summa-
rized, and a perspective on future opportunities for QDiPs is given.

1. Introduction

Heteroepitaxy, the growth of a crystal onto the surface of another,
enables the design and realization of functions that are not
attainable with the single-phase constituents.["?l The concept has
been applied to 2D superconductivity such as in Bi,Se;/FeTe het-
erostructures;®l featured in emerging quantum phenomena in
WSe,-WS, and MoSe,-WSe, superlattices;*’ and integrated into
metal-organic frameworks (MOFs) and polymer hybrid mate-
rials used in gas separation, sensing, catalysis, and storage.®”]
Colloidal quantum dots (CQDs), which are nanoscale crys-
tals of the corresponding bulk semiconductors, combine high
photoluminescence efficiency, narrow emission linewidth, and
size-tuned optoelectronics properties, with the low-cost associ-
ated with solution-processability.®? They are used in optoelec-
tronic devices, such as photodetectors, light-emitting devices,
and solar cells, achieving equal or superior performance as
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that of more conventional bulk semicon-
ductors.l-18l Halide perovskites, another
promising optoelectronic material family,
have attracted extensive interest during
the past decades because of their high
carrier mobility, long carrier lifetime, and
high defect tolerance.[-2%

Halide perovskites and quantum-
tuned CQDs have been combined to
form quantum-dot-in-perovskite solids
(QDiP).2I This levers the judicious selec-
tion of the perovskite semiconductors and
the semiconductor constituents of the
CQDs with lattice match in mind. QDiP
have opened new directions in otherwise-
well-studied CQDs and halide perovskites.
Since the first report of QDiP using PbS-
CH;3NH;PbI; (MAI) in 2015, this concept has drawn increasing
attention, and extensive progress has been achieved. With the
design and selection of suitable CQDs and halide perovskites,
several new QDIiP systems have been synthesized and applied
in optoelectronic devices. Moreover, perovskites capped with
CQDs have also been synthesized.???l Core/shell structured
perovskite/CQDs, for example, growing CsPbl; NCs in a solu-
tion with ultrasmall PbS CQDs available, were successfully
applied to optoelectronic devices.?!]

This review highlights the achievements obtained with
QDiP and identifies future development opportunities. Several
excellent reviews related to QDiP have been published.?3-%%]
We focus on the QDiP materials themselves, first introducing
synthesis techniques, and then discussing the interface engi-
neering between the CQDs and halide perovskites. We then
discuss the properties that emerge when combining both,
and finish with a discussion of QDiP applied to optoelectronic
devices.

2. Synthesis and Interface Engineering of QDiP

Conventional CQDs, such as PbS, PbSe, PbTe, CdSe, and ZnS,
are typically binary semiconductors.?63% The sizes of the
nanocrystals are usually of 2-20 nm to retain quantum confine-
ment effects.’] By controlling the size, exposed facets, and sur-
face ligands, one can design promising electronic and optical
properties. For halide perovskite semiconductors (APbXj3), the
bandedge arises from the X and Pb atoms: the valence band
(VB) and conduction band (CB) are formed via the hybridiza-
tion of Pb 6s and halide p-orbitals. The antibonding states
contribute to both VB and CB, while halide orbitals to the CB.
The electronic structure of the perovskite is tuned by changing
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Figure 1. a) Two-step synthesis of QDiP. Reproduced with permission.[l Copyright 2015, Springer Nature. b) Synthesis of CsPbBr;-in-Cs,PbBrg solids.
Reproduced with permission.B3l Copyright 2017, Wiley. c) Schematic cross-section showing the atomic arrangement for PbSe-CsPbBr; core-shell wire
and the SEM images of the representative heterostructure with different growth times. Reproduced with permission.l¥l Copyright 2018, Wiley.

the halide elements. Although the A site does not contribute
directly to the bandstructure, the abundance of options for
organic candidates has led to diverse materials in the perovskite
family. These 3D perovskites can be tuned into 2D, 1D and 0D
compounds, offering additional semiconducting hybrids.[32-34

2.1. Synthesis Approaches

Both CQDs and halide perovskites are solution-processable,
enabling simultaneous solvation for ensuing chemical reac-
tions. The majority of QDiP reports use a two-step approach to
assemble CQDs within a perovskite matrix. For the synthesis of
PbS-MAPbDI; QDiP (Figure 1), CQDs are prepared in advance
using an established hot injection method. The original oleic
acid (OA) ligands of the CQDs are then exchanged with lead
iodide and MAI and re-dispersed in butylamine.”l A stoichio-
metric amount of perovskite precursors (Pbl, and MAI) is then
co-dispersed in the CQD in butylamine solution before film
fabrication through spin-coatingl*-*°l Todide ligand exchange
was conducted by mixing the CQD in octane with a solution
containing MAPDI; perovskite precursors. A similar method-
ology was also successfully used for SnS-MAPbI; QDiP.* As
an alternative to dispersing CQDs and perovskite precursors
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together, one may disperse the CQDs in the antisolvent used to
trigger perovskite formation through spin-coating.[*!
Heteroepitaxy of crystalline materials with different ele-
mental compositions is often hindered by large lattice mis-
matches. This limits the set of material systems that can be
synthesized and applied to optoelectronic devices. However,
heteroepitaxy can also be implemented using materials with
similar elemental composition but with different crystal struc-
tures, leading to intriguing bi-phase material systems.[*
Following this approach, QDiP of CsPbBr;-Cs,PbBr, (Figure 1b)
with improved passivation and high photoluminescent effi-
ciency were synthesized.*” The ternary phase diagram of Cs,
Br, and Pb shows that the cubic CsPbBr; phase falls onto the
same line of equilibrium with rhombic Cs,PbBr,. By control-
ling the stoichiometry of the precursor solutions, QDiP are
obtained by slowly injecting CsBr in water into a solution PbBr,
in dimethylsulfoxide. Due to the poor solubility of PbBr, in
water, precipitates are formed and can be further deposited onto
a substrate by spin-coating. The cubic CsPbBr; nanocrystals
are well incorporated into air-stable rhombic Cs,PbBrg solids.
Unfortunately, this is limited to the Cs-Pb-Br system, and does
not appear to be strategy generalizable across most or all QDiP.
As shown in Figure 1c, a one-step chemical vapor deposi-
tion (CVD) has also been deployed to grow PbSe-CsPbBr;
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heterostructures.l*l The perovskite can be grown onto PbSe due
to the cubic crystal structure and the small lattice mismatch of
4.8%. Pre-grown PbSe nanowires are placed in a CVD chamber
where a stoichiometric mixture of PbBr, and CsBr is evaporated
within a nitrogen environment. The Pb particles provide nucle-
ation sites for the growth of CsPbBr; crystals, which happens
directionally from the tip to the bottom of the PbSe wire. The
successful growth of PbSe-CsPbBr; wires indicates that a PbSe-
CsPbBr; QDiP may be obtained by CVD techniques based on
PbSe CQDs, a concept potentially extensible to other QDiP.

2.2. Interface Engineering

On the one hand, the surface of CQDs triggers perovskite
nucleation and seeds the crystal growth. On the other hand,
the perovskite acts as a protection layer to militate against CQD
aggregation. The surface of CQD triggers fast perovskite nucle-
ation, likely a result of the interaction with Pb dangling bonds,
enabling the incorporation of CQDs into the matrix. MA*/FA*
have been successfully used as short ligands to exchange for
the original large-chain organic molecules on CQD surfaces.
In one study,®! PbS nanoparticles were capped with oleic acid
(OA), a long alkyl chain that does not enable dispersion in
dimethylformamide. OA ligands were therefore exchanged for
halides, enabling CQD dispersion in a polar solvent to permit
integration with perovskites. The interface between CQDs and
halide perovskites plays a fundamental role in the carrier trans-
port dynamics further affecting the optical and electrical prop-
erties of the material system.

As a result of diverse values of bandgaps and different band
positions, the interface between CQDs and halide perovskites
exhibits a discontinuous step in both the CB and VB. As shown
in Figure 2, offsets can lead to type-I (straddling gap), type-II
(staggered gap), and type-III (broken gap).*l For type-I1 band
alignment, CQDs with wide-bandgap halide perovskites will
confine excitons to their core, leading to enhanced photolumi-
nescence. This enables type-I QDiP as emitting layers in light-
emitting diodes (LED), for example, PbS-PEACs,_;Pb,Brs,,.*
For type-I1, the excited electrons will transfer to the perovskite
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matrix (with lower CB edges) and holes to the core CQDs (with
higher VB edge). The opposite type-II alignment, with excited
electrons transferring to the CQDs and holes to the perovskite,
can also be achieved. This charge separation is of interest when
long-lived excited states are desired, such as in solar cells and
photodetectors, for example, CulnSe,-MAPDI;.*I The posi-
tion of the bands is determined by the individual constituents:
in fact, the bandstructure at the interface may be controlled
by modifying the surface of the CQDs, the bonding between
CQDs and lead ions, and grain defects. The measurement of
true band positions in QDiP, specifically at the CQD-perovskite
interface, is a topic that will benefit from further investigation.

3. Properties of QDiP

3.1. Optical Properties

The optical properties of QDiP relate to the properties of the
constituent CQDs, perovskites, and their interface. For the
PbS-MAPbLBr; QDiP, upon CQD loading, there is no change in
the X-ray diffraction pattern of the perovskite (Figure 3a). The
perovskite matrix remains unaltered in the new material.[*’]
Simultaneously, MAPbBr; and PbS peaks are observed in the
absorption spectra (Figure 3b). In all, the results demonstrate
that CQD and perovskite constituents contribute to the prop-
erties of the integrated QDiP, and each remains intact in the
final solid. The PL intensity of MAPbBr; decreases when more
CQDs are loaded (Figure 3c), demonstrating efficient charge
transfer through the interface of MAPbBr; and PbS. Other
QDiP material systems with type-I heterojunction equally
have decreased perovskite photoluminescence in return for
improved CQD photoluminescence.*’]

3.2. Stability

A challenging issue for halide perovskites is their limited sta-
bility in ambient conditions, which hinders practical appli-
cations. CQDs come with challenges of their own: they are

Type-lI Type-lil

Figure 2. Different band alignments in QDiP, which depend on the bandgap and band positions of the CQDs and perovskites.
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Figure 3. a) X-ray diffraction patterns, b) optical absorption, and c) photoluminescence spectra of MAPbBr; and PbS-MAPbBr; QDiP. Reproduced with
permission.*] Copyright 2020, Wiley. d) Optical images of MAPbBr; and QDiP single crystals (up panel) freshly prepared and (down panel) stored in
ambient for 60 days. Reproduced with permission.[*] Copyright 2020, Wiley. e) The PbS CQD in FAPbl; matrix favors the black phase rather than the
yellow. Reproduced with permission.[*l Copyright 2020, ACS. f) Total energy DFT calculation of i) black and yellow bulk FAPbI; phases represented by
red and blue colors, respectively, ii) the effect of strain on the bulk when matching the PbS lattice, iii) the presence of surfaces in the slabs, and iv) the
role of chemical binding to the PbS substrate in the QDiP. The inset shows a comparison between the unstrained and strained structures. Reproduced

with permission.[*l Copyright 2020, ACS.

prone to aggregation and surface oxidation. In principle, the
perovskite matrix could militate desirably these processes
against each other. To study the impact of CQD additives on
the stability of perovskites, Younis et al. grew perovskite-only
and QDiP single crystals to find that the stability was greatly
improved in the presence of CQDs.*! The surface of perovs-
kite-only crystals (MAPbI;) became yellow after air exposure,
while QDiP single crystals (Figure 3d) did not degrade within a
time frame of 2 months.

The inclusion of CQDs not only plays a role in the crystalliza-
tion of perovskite but can also help to stabilize the perovskite
phase. FAPDI; has black (cubic (¢), tetragonal (8 and 7)) and
yellow hexagonal (6) phases (Figure 3e). The black phase is typi-
cally unstable, yet, is desired for its suitable bandgap for solar-
cell applications. In PbS-FAPbI; QDiP, the CQD-perovskite
interface stabilizes the black phase in ambient conditions.*®!
The black phase is favored over the yellow phase because of the
strong interfacial bonds formed during the epitaxial growth. The
phase transition from black to yellow CsPblj is also hindered by
the epitaxial alighment between CsPbl; and CQDs.*! Samples
remain stable for more than 6 months in ambient conditions.
Other strategies to hinder the formation of the undesired yellow
phase of FAPbX; or CsPbX; are cation or anion alloying.[*->1
Alloying changes the bandstructure of the perovskite, making
it less suitable for solar-cell applications. In contrast, PbS CQDs
embedded into a perovskite matrix improve the stability of the
material system while retaining the desired bandstructure.

To explore the reasons underpinning CQD stabilization, Masi
et al. carried out first-principles calculations to uncover the role
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of strain, surface planes, and chemical binding of CQDs to the
perovskite matrix.*l Strain is present in the CQD-perovskite
interface due to lattice mismatch (Figure 3f). Strain is mostly
felt within the FAPDI; since the perovskite has a softer struc-
ture than PbS CQDs,?l leading to long-range tetragonal distor-
tions of the FAPDIj; lattice (panel (ii) of Figure 3f). This process
suppresses further the formation of the yellow phase in favor of
the black perovskite phase.

The surface of PbS CQDs is majorly composed of (111) crystal
planes. The lattice constant of the CQDs matches well with the
(100) planes of the black phase of FAPDI;, but it has a mis-
match with the preferred (111) planes of the yellow perovskite
phase. This arrangement increases the formation energy of the
yellow perovskite phase, making the black perovskite phase
more prone to form (panel (iii) of Figure 3f).

The chemical binding of FAPDI; to PbS is illustrated in panel
(iv) of Figure 3f. The chemical binding for both the yellow and
black phases reduces the formation energy in comparison to
perovskite-only crystals; however, the energy is decreased more
pronouncedly for the black perovskite phase.

These factors combine to stabilize the black phase of FAPbI;
and CsPDbIs.

3.3. Charge Transport
Compared with the CQD-only system, the addition of the

halide perovskite matrix provides superior channels for carrier
injection into the embedded CQDs, or for fast extraction of

© 2021 Wiley-VCH GmbH
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carriers from the CQDs into the matrix, depending on the het-
erostructure type.l*’ To explore the effect of the matrix in QDiP,
Z.]J. Ning et al. embedded CQDs into a Nal matrix and into a
perovskite for comparison.?! The photoluminescence quantum
efficiency (PLQE) of CQDs in the Nal is about half of that of
CQDs in the MAPDI; matrix (=9%), which can be assigned to
the high electron mobility of MAPbI;. CQDs in Nal matrix
exhibit a fivefold increase in carrier lifetime compared with
only-CQDs samples. This confirms that band-tuning of the
QDiP is an efficient way of improving the charge transport
properties of CQDs.

To study charge transport in QDiP as a function of CQD
concentration in the perovskite, M. X. Liu et al. prepared QDiP
with low versus high CQD loading.!” Figure 4 depicts charge
transport in different samples. At low CQD loading, the car-
riers in the perovskite matrix transfer efficiently to the core
CQDs; while at high loading, charge transfer among CQDs is
achieved. It is found that the efficiency of the carrier transfer
is over 87% at high CQD loading, in agreement with com-
plete photoluminescence quenching arising from the perov-
skite matrix. The authors also investigated the PLQE of films
having different matrix compositions to explore the effect of
strain. With increasing bromine doping (up to 67% concentra-
tion), the PLQE of CQDs increases, and reaches a maximum
value at =30%. In this composite, the lowest lattice mismatch
is achieved, that is, minimal strain is preferred for higher
photoluminescence.

4. Applications of QDiP
4. LED

CQDs have been used in LEDs because of size-tunable lumi-
nescence, narrow emission linewidth, high PLQE, compatibility
with solution processing, and good photostability.*>3] CQD-
based LEDs have shown acceptable performances both in the
visible and the near-infrared (NIR) spectral regions.* However,
shell-free CQDs exhibit low PLQE due to unpassivated surface
traps. The core-shell approach passivates the surface traps and
provides localization of the electron-hole pair relative to the
host and relative to neighbors, leading to an improvement in
PLQE. Insulating organic ligands!®l and polymer matrix> strat-
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egies were adopted to address this problem, but devices require
high power consumption (high voltage) to inject sufficient cur-
rent to offer bright light emission.

With QDiP, such as PbS-MAPDI Bry,, X. W. Gong et al.
report a NIR LED with an external quantum efficiency (EQE)
of 4.9%, an improvement relative to prior CQD NIR devices.>’]
For comparison, the EQE value is =0.03% for CQD-only control
devices. The electron-hole pairs were delivered to the CQDs via
the perovskite matrix. By tuning the bromine-iodine ratio of
the perovskite mixture, the strain was optimized, and defects
were limited both in the perovskite and at the interface with
CQDs.

A mixture of CQDs in the more stable low-dimensional per-
ovskite matrix was then adopted to increase further the effi-
ciency of NIR LED." The utilization of low-dimensional perov-
skites provides controllable excitonic energy transfer into the
CQDs, avoiding thereby non-radiative Auger recombination.
LEDs showed an EQE of 8.1% and radiance of 74 W Sr™! m~2
in the NIR, with tunable emission from 986 to 1564 nm. The
devices also showed increased operating stability compared to
prior generations of QDiP devices.’%l These operated for over 1h
at a continuous current density of 10 mA cm™2. Similar trends
were seen in related CsPbBr; studies.[>%

M. Vasilopoulou et al. reported a new approach to improve
further the stability of QDiP. Using silica-encapsulated silver
sulfide (Ag,S@SiO,) CQDs dispersed in a cesium-containing
triple cation perovskite, they generated an emissive layer with
84% PLQE, in which the electron and hole injection were well
balanced. LED emission was thereby extended to the biological
NIR window (1000-1700 nm) with an EQE of 17% at a peak
emission wavelength of =1400 nm."’]

4.2. Solar Cells

Both CQDs and perovskites have been widely applied in solar
cells. CQDs bring the benefit of offering to harvest the infrared
portion of the solar spectrum, potentially enabling multijunc-
tion solar cells.’! Etgar et al. used PbS CQDs embedded in
perovskites to modify the absorption of MAPDI; (limited to
1.57 eV) for full light absorption in solar cells.’”) The power
conversion efficiency (PCE) was improved from 3.0% to 3.6%
with the addition of PbS CQDs.

Pure CQD film

(c) ' 10
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CQD voids
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Figure 4. Schematic illustrating charge transport in samples with a) low CQD loading, b) high CQD loading, and c) only CQDs. Reproduced with

permission.”] Copyright 2019, Springer Nature.
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By improving the assembly of CQDs with the aid of perov-
skites, Z. Y. Yang et al. utilized PbS-MAPDbI; QDiP and opti-
mized PCE to 9% with fill factor (FF) of =68%.5° This work
reported a depletion width of 120 nm in QDiP based devices.
X. L. Zhang et al. confirmed the wide depletion region in PbS-
CsPbI; QDiP based solar cells.[®¥l They further pointed out that
the superior photovoltaic performance in QDiP solar cells can
be attributed to a combination of the wider depletion region,
high built-in potential, and low trap density in the CQD solid,
enhancing charge collection, improving carrier lifetime, and
reducing bulk recombination. J. J. Peng et al. used MAPbDI;
capped PbS CQDs for solar cells achieving a PCE of 4.25% with
an impressive photocurrent density (Js) of 24.83 mA cm~2 and
a relatively low FF of 389%. With all inorganic PbS-CsPbBr,l
QDiP, M. X. Liu et al. obtained PCE 12.6% with FF of 68% and
superior photostability, retaining 95% of the initial PCE fol-
lowing 2 h continuous illumination.’

In addition to the well-known PbS CQDs, black phos-
phorus CQDs (BPQDs) have emerged in solar applications in
light of a high absorption coefficient, high electron mobility
(=1000 cm? V-1 s7Y), and the potential of self-repair.’*%l BPQDs
were incorporated into organic-inorganic hybrid halide perov-
skites[®%% where black phosphorous was similarly found to play
a role in perovskite nucleation and growth. With 0.7 weight per-
cent BPQDs assembled into CsPbI,Br, X. Gong et al. achieved a
record 15.5% PCE with FF of 78%.4 Due to lone-pair electrons
in BPQDs, a strong binding was achieved between phosphorus
and the Cs cations of CsPbl,Br. This contributed to the stabiliza-
tion of the « phase and the growth of a more uniform QDiP
film. Carbon QDs have also been included in MAPbI; for solar
cells:*’l the carbonyl functional groups on the surface of carbon
QDs slow perovskite growth and lead to the formation of large
grains. The hydroxyl and carbonyl groups passivate the dangling
lead ions and reduce nonradiative recombination. The fabricated
device shows a maximum PCE of 18.24% with a FF of 78%.

QDiP have also been investigated as a promising choice
for intermediate-solar cells (IBSC).®%1 H. Hosokawa et al.
replaced MAPbI; with MAPDbBr; and prepared PbS-MAPDbBr;
QDiP, suggesting avenues to QDiP in IBSC.V®7 IBSCs provide
three photon absorption channels: from the VB to CB, from the
intermediate band (IB) to CB, and from the VB to IB. For the
PbS-MAPbBr; QDiP, MAPDbBr; has a bandgap of 2.3 eV and
PbS has a band gap of 1.0 eV. These values match closely those
of the ideal IBSC, a bulk bandgap of 2.4 eV split into IBs of 1.5
and 0.9 eV.”" The authors confirmed IB formation, witnessing
a blueshift in the PL spectrum. Though a low PCE of 1.9% was
achieved to date, further studies may improve performance.

4.3. QDiP in Sensing and Beyond

Perovskite-based photodetectors have shown promise in
EQE, levering their direct bandgap;">74 though the dark
current remains an area for improvement in these materials
and devices. QDiP offer a route to extend responsivity into
the infrared.””! Z. H. Duan et al. embedded CulnSe, CQDs
into a MAPbI; matrix for broadband photodetectors.*l The
CulnSe, CQDs are covered with oleylamine ligands, with the
high-resistance ligands suppressing dark current. CulnSe,
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CQDs function as a sensitizer for light harvesting, while the
MAPbI; component generates photocurrent. The photode-
tectors responded across the visible spectral range with an
on/off ratio of 10* at 2 V under 525 nm illumination. The
photodetectors are stable for 7 days following extended air
exposure, unencapsulated. Using PbS-MaPbl, sBr, s QDiP, F. P.
G. Arquer et al. obtained CQD photodiodes in the short-wave-
length infrared (SWIR) region.”® Their specific detectivities
(D* =4 x 10" Jones) in the SWIR outperform those of previous
related reports more than twofold. The CQDs provide sensiti-
zation, and the perovskite matrix the transport medium.
Ionizing radiation detection demands a host material and
activators as provided in QDiP. The matrix of the host is ide-
ally formed using materials consisting of heavy elements (i.e.,
having high atomic numbers) so that the radiation energy is
focused within the matrix. The energy needs to be quickly trans-
ferred to the activator. Superlattices of CsPbBr;-Cs,PbBrs match
the material requirement for ionizing radiation detection.
F. Cao et al. pursued the detection of ionizing radiation using
the CsPbBr;-Cs,PbBr, QDiP,”78! specifically for X-ray sensing
and imaging. The Cs,PbBrs matrix contributed to the attenu-
ation of X-rays and stabilization of CsPbBr;, while remaining
transparent to green emission from CsPbBr;. The authors
obtained an impressively large-area film of 360 mm x 240 mm.

5. Conclusion and Perspective

In this progress report, we summarized the advances in QDiP
since the time of early studies. For synthesis, surface modifica-
tion of the CQDs using halide perovskite precursors enabled
integration into a perovskite matrix. A compact interface con-
trolled nucleation and growth of the perovskite enabled charge
transfer from the matrix to CQDs or the transfer from CQDs
to the matrix. QDiP offers encouraging properties and perfor-
mance in LEDs, solar cells, photodetectors, field emission, and
X-ray detectors.

Quantum-dot-in-perovskite solids unite the benefits of CQDs
with those of halide perovskites. Only a few combinations of
CQD and halide perovskite materials have been used to synthe-
size QDiP, leaving unexplored a large material space. Under-
standing further the optical and electrical properties of QDiP is
still required. The impact of the size of CQDs, the crystal growth
dynamics of the perovskite on the different CQD facets, and the
band alignment at the interface all warrant further study. The
potential of QDiP to solve the intrinsic instability problems of
solution-based semiconductors calls for more attention to these
material systems, and more detailed studies to understand
the role of strain in the stability improvement of QDiP-based
devices are required. The performance of QDiP in devices can
not only be further improved but also extended to other appli-
cations. Current reports focus on LEDs and solar cells; while
less-explored routes such as photodetectors (spanning from
X-rays to mid-IR) also hold opportunities. The incorporation
of CQDs into perovskites is of interest in applications where
dipole-alignment is of use, such as electro-optics and piezoelec-
tricity, due to the alignment provided by lattice-anchoring. Fur-
thermore, QDiP with a type-I heterojunction may contribute to
the threshold reduction of solution-based lasers. The excitonic
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transport from the perovskite to the CQD leads to localized
population inversion at lower excitation powers. Overall, QDiP
is a strategy to enhance the performance of CQD-based optoe-
lectronic devices, and to extend the diversity of perovskite-based
materials.
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