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gas emissions, which aids to make the 
environment greener.[2] Thus far, fossil 
fuels have been used to meet most of 
the current world’s energy demands; 
this has single-handedly depleted nat-
ural sources and acted as the driving 
force for climate change.[3,4] From 
an industrial viewpoint, solar cells,  
batteries, fuel cells, and light emitting 
diode (LED)-based lighting devices are 
sustainable alternatives for replacing  
traditional energy sources.[5–8] Given this 
scenario, solar power is the most abundant, 
clean, sustainable, and unperturbed energy 
source that can meet the current energy 
demand.[9,10] However, harvesting solar 
energy using conventional photovoltaics 
(PVs) remains challenging in terms of cost 
and efficacy. Therefore, there is an urgent 
need to design next-generation low cost, 
highly efficient, and sustainable PVs.

From a carbon and environmental 
footprint viewpoint, solar cells are the 
most cost-efficient approach to gen-

erate electricity,[11] and LEDs, which work in reverse, to pro-
duce light; both devices have very similar architectures.[12–14] 
Over the past few decades, commercial Si-based solar cells 
have been used extensively owing to their high power con-
version efficiency (PCE) of up to 22%, excellent device  
stability, long-range light absorption capability,[15] and out-
standing long-term stability. Thus far, materials with efficiency 
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acteristics, and high carrier mobility demonstrate great promise as potential 
light harvesters in photovoltaics and optoelectronics and have experienced 
an unprecedented development since their occurrence in 2009. Semicon-
ductor quantum dots (QDs), on the other hand, have also been proved to be 
very flexible toward shape, dimension, bandgap, and optical properties for 
constructing optoelectronic devices. Of late, a strategic combination of both 
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1. Introduction

Sustainability is a key fundamental of Mother Nature, and the 
sun, wind, earth, and water are sources of renewable energy 
that can assist to ensure a sustainable future.[1] Renewable 
energy sources are encouraged over conventional fossil fuels 
because they are replenishable and can minimize greenhouse 
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records for solar cells, and InGaN, AlGaInP, and AlGaAs have 
been employed to develop conventional commercialized LED 
modules III–V semiconductors of the GaAs family.[16,17] The  
traditional high cost, energy payback, and environmental foot-
print of these materials have led scientists to focus on more 
exciting and effective approaches for developing next-generation  
energy devices. To this end, dye-sensitized solar cells can obtain 
a PCE of >13%; however, a higher complexity in designing sen-
sitizer dyes and contact layers with mesoporous titania has led 
to further development.[18,19] In this regard, QDs play a pivotal 
role; QD-based solar cells and LEDs have attracted considerable 
interest and are believed to be potential candidates for next-
generation PVs because of their characteristics such as easy 
bandgap tunability, easy solution-based synthetic procedure, 
and ability to generate multiple excitons[20–23] until the arrival 
of perovskites (PSs) in 2009. Thin-film PV technology, PS-based 
solar cells, and LEDs have witnessed remarkable and unprece-
dented advancements in the last five years at speeds never seen 
in the history of PV development.[12,13,24] After the introduction 
of the first solid-state perovskite solar cell (PSC) in 2012 with 
a PCE ~ of 9.7%,[25] researchers have improved it to 25.5% at 
present.[26] Further, PS LEDs exhibit excellent external quantum 
efficiency (EQE) (>20%) with very high color purity to satisfy 
REC.2020 due to their higher charge carrier mobility and lack 
of exciton annihilation processes.[27,28]

Although laboratory-scale PS-based PV devices demonstrate 
considerable advancement, device stability in the presence 
of moisture, humidity, temperature, and UV light continue 
to remain significant obstacles.[29] The basic PSC operates 
through different steps, which include charge photogeneration 
by photon absorption in the PS layer and subsequent charge 
separation at the respective selective contacts.[30–32] Electrons 
and holes are separately collected at the electrode by the elec-
tron transport layer (ETL) and hole transport layer (HTL), 
respectively, to ensure the migration of the charge away from 
the PS absorber layer.[33,34] However, for LEDs, these layers 
act as injecting layers and the radiative recombination of the 
injected charge is pursued; the nonradiative recombination 
must be suppressed simultaneously to achieve the maximum 
electroluminescence efficiency.[35] Therefore, successful strate-
gies are essential to maximize the PCE and EQE of PS-based 
nanostructured PVs and augment stability concurrently for suc-
cessful commercialization. A significant and effective proof of 
concept has been developed in the last 5 years by combining 
the two most important materials, QDs and PS.

Careful designing of hybrid materials has brought forth an 
effective strategy for increasing the performance of single mate-
rials owing to the combination of desirable physical properties 
and characteristics of both materials.[36–38] A strategic combina-
tion of QDs and PSs to construct composite thin films that can 
introduce the best of both materials with enhanced stability 
and desiring optoelectronics properties can be considered cru-
cial for designing more efficient and stable PVs (Figure 1). The 
scope of this review refers to critical analysis and summarization 
of the advancement so far done in the field of QD/PS hybrids 
for photovoltaic applications. We elaborate on the fabrication  
strategies of various QD/PS combinations and their systematic 
progress toward trap-free interface engineering for more stable 
PV devices. The extraction and transport of photogenerated  
carriers at the PS-charge transfer layer (CTL) interface is reviewed 

with an emphasis on the modified carrier dynamics induced by 
the inclusion of QDs. Finally, the key effect of the strategic inte-
gration of QDs (Pb-based chalcogenides, Cd-based chalcogenides, 
In-based chalcogenides, perovskite quantum dots (PSQDs), gra-
phene QDs (GQDs), carbon QDs (CQDs), black phosphorus, 
etc.) on the PS layer in terms of enhancing stability, charge car-
rier extraction, and PV performance is intricately delineated with 
special references to solar cells, LEDs, and photodetectors.

2. Synthesis and Challenges

Perovskites have the ability to amass the charge by them-
selves with a high carrier lifetime which renders them to 
achieve high photovoltaic conversion efficiencies in the last 
decade.[12,30,33,35,39,40] On the other hand, QDs are known for 
their stability, pure bright emission, and bandgap tunability. 
Since both the materials possess extraordinary optoelectronic 
properties, the combination of stability and brightness of QDs 
and long-range charge carrier transport of PSs can be rendered 
for finding a smart approach for a wide range of optoelectronic 
devices. The combination can be done in various ways: Passiva-
tion of the QDs in the perovskite matrix, constructing perov-
skite and QD multilayers, growth of QD and PS heterojunction 
in solution and capping of QDs with PS and vice versa. The 
primary goals for the formation of the QD/PS hybrids are 
increasing the stability, enhancing energy level alignment, and 
efficient charge extraction.[38,41–43]

The incorporation, and/or passivation of the QDs in the 
perovskite matrix endorse superior crystallization with better 
morphology. Uniformly distributed QDs with hydrophobic 
ligands reduce the trap state density and protect the surface 
from moisture-induced degradation as well. However, one of 
the most interesting aspects is that the ligand exchange step 
has the ability to introduce the possibility to exchange to short 
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Figure 1.  Schematic illustration of the effect of different integrated 
quantum dots on different properties of perovskites and chief applica-
tions of the QD/Perovskite hybrid systems.
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ligands, which can directly improve the interdot electronic 
interaction and passivation of the trap states.[41–43] The tun-
able bandgap of the QDs up to the NIR region also gives the 
opportunity for the complimentary light-harvesting which 
extends the absorption from visible to the NIR region with 
QD-enhanced light collection.[38,41,42] Another significant objec-
tive for the generation of the nano heterojunction composed of  
discrete QDs and PS by chemical bonding or physical contact is 
to manage interfacial band alignment for efficient carrier trans-
port and rapid extraction of charge carriers by creating inter-
facial dipole.[42,44,45] This directly influences and enhances the 
fill factor, short-circuit photocurrent, and PCE.[44–46] Therefore, 
designing potential QD/PS hybrid materials where the con-
structive synergies can disseminate the properties of individual 
materials, enhance, and/or generate new ones is undoubtedly a 
potential challenge for material scientists.[46,47]

In the following, we discuss the reported synthetic routes 
to get QD/PS hybrid materials. Passivation, incorporation, and 
capping, all are going to be highlighted on the basis of different 
QDs.

2.1. Integration of Quantum Dots in Organic–Inorganic 
Perovskites

2.1.1. Pb Chalcogenide Based Quantum Dots in 
Organic–Inorganic Perovskites

Poor control over the growth of the PS crystal often results from 
the choice of solvents, composition, temperature, and the effect 
of the underlayer of the film. This might be overcome by using 
the QDs as seeds to induce PS crystal growth. The synergy of 
both materials can be exploited for improved crystallization 
and interface engineering.[45,46] To design the hybrid poly-
heterocrystalline material, an organic-ligand-free strategy was 
implemented to cap the PbS nanoparticles (NPs). The organic 
ligands were exchanged on the PbS QDs with a short anionic 
iodide ligand (CH3NH2I).[45] The PbS QDs with CH3NH2I 
at the surface were then dissolved in butylamine along with 
PbI2 to form QDs in PS as PbI2 is prone to form a complex 
with CH3NH2I. Subsequently, atomic-level coherence between 
the inorganic PbS and the organometallic MAPbI3 phase was 
achieved without the formation of interfacial and in-gap defects 
and aggregates, which offered uniform and controlled growth 
of the PS films over large areas with atomic thickness preci-
sion. The results empowered epitaxy for constructing QD/PS 
heteronanocrystals. Manifestation of atom-scale crystalline 
coherence in light of the lattice structure and interfacial energy 
between the PbS QDs and CH3NH3PbI3 paved the way for 
others to walk in this path to design new strategies for devel-
oping modified QD/PS systems, along with enhanced optoelec-
tronic properties and PCE.

Lately, coherence between solution-processed CH3NH3PbBr3 
PS single crystals and PbS QDs has been reported by different 
groups.[44,48–50] The synthetic pathways are more or less similar, 
which includes the ligand exchange process to transfer the 
PbS QDs prepared by the conventional hot injection method 
to the DMF phase to make the QD solid out of it and the 
growth of MAPbBr3 single crystals by the modified antisolvent  

vapor-assisted crystallization method, keeping the QD solids 
dispersed. Different ligand exchange procedures, comprising 
the substitution of the MA group by other alkylammonium 
sources with longer carbon chains to embed higher QD concen-
trations, have also been employed, resulting in a smoother inter-
face between the active layer of 2D PSs and charge transport 
layers.[51] Recently, an interfacial heterojunction engineering 
method has been demonstrated to suppress the trap states at 
the interface and grain boundaries of MA-free PS by passivating 
a PbS layer. Introduction of the PbS layer during the antisolvent 
process of the PS film fabrication reduced the non-radiative 
recombination, resulting in a PCE of 21.07% along with excel-
lent long-term ambient stability.[52] An intriguing technique 
to stabilize formamidinium lead iodide (FAPI) PS by taking 
advantage of the synergistic interaction of halide PSs with col-
loidal PbS QDs, but not through the introduction of alternative 
cations or anions to FA+ and I− has also been reported.[53] The 
PbS-FAPI interface created stronger chemical bonds with the 
black phase and reduced the thermodynamic preference for 
the yellow phase. The synergistic interaction of halide PSs with  
colloidal PbS QDs has been used in a very effective way to stabi-
lize the FAPI. A superior path was accomplished as well by the 
same group to stimulate the favorable growth and orientation 
of FA0.9Cs0.1PbI3 grains by introducing PbS nanoplates, which 
improved the atomic interactions to prevent degradation and 
promoted long-term stability at ambient temperature.[54]

Visible–NIR emissive hybrid PbS QD/PS system via an 
antisolvent additive solution process has also been developed.  
The volume of the antisolvent additive plays a decisive role 
in augmenting crystallinity and uniform grain size of the 
hybrids.[55] The addition of PbS QDs to the antisolvent increased 
the number of grains produced by the spin-coating process, 
ensuring the immobilization of the PbS QDs between the grain 
boundaries (Figure 2A). Besides, a solid-state ligand exchange 
method was established to obtain smooth, continuous, and 
thick PbS QD/CH3NH3PbI3 hybrid film, which demonstrated 
superior efficiency as an active layer in solar cells.[56] In this syn-
thetic pathway, the use of the highly volatile solvent acetonitrile 
proved to be critical (Figure  2B).[56] Compared to the original 
PbS QDs, the PbS QD/CH3NH3PbI3 hybrid QDs exhibited com-
plementary optical absorption spectra, facile charge separation, 
increased conductivity, and efficient charge transport. A triple 
cation Cs0.05(MA0.17FA0.83)0.95Pb(I0.9Br0.1)3 PS composition was 
also employed for surface passivation of the PbS QDs, resulting 
in a record PCE of 11.3% through higher interdot coupling and 
suppressed recombination, majority of earlier reports on PbS 
solar cells.[57] Fascinating hybrid bilayers of CH3NH3PbClxI3−x 
PS and core/shell PbS/CdS QDs via both the PS/QD and QD/
PS approach have been fabricated,[58] and the PS/QD exciplex 
bear promise toward an interesting scenario for the develop-
ment of new and advanced optoelectronic devices.

In another report, a unique route was reported by intro-
ducing a hybrid vapor-assisted chemical bath deposition to 
fabricate CH3NH3PbI3 from PbS.[59] The first step involved the 
generation of high-quality PbS precursor films without any 
pinhole and ditch defects and was completely different from 
the conventional PbI2 layers by chemical bath deposition and 
subsequent chemical vapor deposition (CVD) produced smooth 
and high-quality uniform CH3NH3PbI3 films, which exhibited 
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a preliminary PCE of 4.68%.[60] However, a fairly simple 
procedure was formulated in which ultrathin 2D PbS NCs were 
directly converted into uniform rectangular hybrid perovskite 
nanocrystals (PSNCs) by an all-anion exchange reaction route 
directly on solid substrates containing large planar areas.[61]

Unlike their use as seeds, intermixing the PbS QDs during 
the growth of the PS film furnishes a very high-quality 
CH3NH3PbI3-xClx PS film.[62] The methylammonium iodide 
(MAI)-capped PbS QDs amplified the miscibility with the PS 
precursor in DMF and acted as active sites to facilitate the  
formation of lead–halide octahedrons near the surface of the 
QDs. The QDs also served as effective heterogeneous nucleation  
sites over the entire film to produce larger crystalline domains, 

resulting in a high-performance planar heterojunction PSC 
yielding an excellent PCE of 17.4%. The synergistic effect of the 
PbS QDs in the heterogeneous nucleation of MAPbI3-xClx PS 
crystals decreased the number of nucleation sites, facilitating 
larger high-quality crystals (Figure 2C). In another report, PbS 
QDs were adsorbed on the surface of perovskite films through 
in situ reaction with thioacetamide (TAA) in solution.[63] With 
the PbS layer, the trap state density of the perovskite film was 
significantly reduced, and charge extraction efficiency was 
enhanced from perovskite to the external charge transport 
layer.[63]

The interaction of PSs with PbS QDs can be managed 
by preparing bilayers that mostly imply surface passivation  

Adv. Optical Mater. 2022, 2102566

Figure 2.  A) Illustration of the preparation of the perovskite precursor using the antisolvent additive solution process and of the PbS QDs attach-
ment at the perovskite surface along with the different orientations of the lattice fringes given by TEM. Reproduced with permission.[55] Copyright 
2018, Wiley-VCH. B) Schematic presentation of the synthesis of the CH3NH3PbI3/PbS through solid state ligand exchange method. Reproduced 
with permission.[56] Copyright 2018, Wiley-VCH. C) Illustration of the nucleation and growth routes of perovskite crystal thin films without and with 
MAI-capped PbS nanoparticles. Reproduced with permission.[62] Copyright 2016, The Royal Society of Chemistry. D) Schematic of the spin coating 
process and the CdSe QDs seed-mediated method to fabricate PSCs. Reproduced with permission.[64] Copyright 2018, Elsevier. E) Illustration of the 
ligand exchange process of CdTe QDs to insert CdTe in MAPbI3 along with the HRTEM image of the composites. Reproduced with permission.[65] 
Copyright 2018, Elsevier.
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or by forming a PS matrix with embedded QDs. While both 
approaches reported fascinating outcomes in terms of improved 
performance, the latter could bring the synergistic interaction 
to the most interesting level with essential implications for the 
development of advanced device configurations or enhanced 
properties in terms of efficiency and stability.

2.1.2. Cd-Based Quantum Dots in Organic–Inorganic Perovskites

QDs have been used to modulate the morphology, crystallinity, 
and high surface coverage by controlling the nucleation and 
growth for fabricating flexible PS film-based optoelectronic 
devices. The growth of the PS layer was prompted over an 
ultrathin CdSe QD film, and it plays the role of a seed-mediated 
underlayer (Figure  2D).[64] The presence of the QD layer not 
only minimized the defect and trap densities but also recrystal-
lized small-sized crystals into large PS grains via a simple meth-
ylammonium bromide (MABr) treatment to achieve a PCE of 
15.68%. Considering the feasibility of air-based measurements, 
this strategy can deliver a more general and promising route 
for developing high-performance PSCs with controlled PS  
crystallization and optimized interfaces. In another work, passi-
vation of the perovskite surface with CdSe/ZnS QDs decreased 
the trap density and, simultaneously stabilized the organo-lead 
trihalide perovskite chemical structure and extend the charge 
carrier lifetime.[43]

The passivation of the CdTe QD layer has also been employed 
to induce high hole mobility. CdTe QDs were synthesized via 
the classical hot-injection method, cleaned by the solvent/
anti-solvent method, and opted for ligand exchange to remove 
the long-chain alkyl ligand capped on CdTe QDs (Figure 2E).[65] 
However, the next step in synthesizing the CdTe/CH3NH3PbI3 
hybrids involves surface passivation or embedding QDs on the 
perovskite matrix.[45,56]

Recently, a solution phase synthetic route has been reported 
where CdS QDs have been proved to be quite effective for 
the formation of stable CsPbBr3/CdS heterostructures which 
showed efficient charge transfer.[66]

2.1.3. Green Quantum Dots (Free from Pb and Cd) in 
Organic–Inorganic Perovskites

Most studies on the interaction between PS and QDs were  
performed with Pb-based PS. Therefore, the utilization of QDs 
containing Pb or Cd has not been considered a significant draw-
back in combination with Pb-based PSs. However, the toxicities 
of Pb and Cd limit their applications. Thus, the use of green 
QDs with less hazardous elements is a very interesting research 
topic—even in combination with Pb-based PSs—because the 
results can be more easily extrapolated to a Pb-free system. 
A double-active-layer photodetector was fabricated based on 
CH3NH3PbI3 PS and CuInSe2 QDs.[67] The synthesis procedure 
involved solution-based preparation of CuInSe2 QDs followed 
by ligand exchange and incorporation of the solid QDs within 
the PS layer. However, the direct spin coating of CuInSe2 QDs 
has been employed, and it omits the ligand exchange step. 
The trick is to quickly add the CuInSe2 QD solution in toluene 

instead of using only toluene as the antisolvent during spin 
coating.[68] SnS been used to develop CH3NH3PbI3/SnS QD 
hybrid films via a facile in situ crystallization process of PSs 
on the surface of SnS QDs.[69] The compatibility of Sn with Pb 
leads to the formation of high-quality QD/PS hybrid materials 
and the advantage of near-infrared light absorption caused by 
the lower bandgap of SnS.

2.2. Integration of Quantum Dots in All Inorganic Perovskites

Although the QD/PS field started with CH3NH3PbI3 PS, the 
focus was shifted to CsPbX3 to further increase the stability 
and efficiency of the QD/PS nanocomposites. Structural defects 
along with instability are ubiquitous for perovskites with small 
chain A-site organic cations.[27,32,70,71] The stability of metal 
halide perovskites has been found considerably larger when 
the organic cation was replaced by the Cs cation along with 
remarkably high carrier mobility and long diffusion length due 
to their intrinsically higher thermal-decomposition tempera-
ture.[71–73] Cs-based lead halide perovskites are highly defects 
tolerant. These only could induce shallow transition levels 
rather than deep transition.[73–75] However, the enhanced heat 
tolerance and photostability of the all-inorganic perovskites gets 
challenged due to the formation of different phases (including 
black phases) and interstitial defects when external stimula-
tion comes into play.[76] Different strategies have been adopted 
to overcome these problems, and which include changing of 
cation (B-site) and anion (X-site),[77] hydrophobic organic layer 
formation at the surface, alteration of solvent, etc.[76] Another 
way of stabilizing the α-phase of the CsPbX3 perovskites is to 
decrease the size of the crystals to nanoscale by releasing the 
excess surface strain.[75,76,78] Although these strategies improved 
the stability to a certain extent, the strategy of capping the 
CsPbI3 NCs with PbS to enhance the stability and optical prop-
erties of all inorganic PSNCs without damaging their semi-
conducting properties was proved to be quite effective.[79,80] 
So, for the preparation of CsPbX3 and QD hybrids, the same 
procedure for MAPbX3 and FAPbX3 cannot be followed blindly. 
And therefore, the interface engineering to design the hetero-
structure is slightly different. The PbS-capped CsPbI3 NCs were 
prepared by injecting a cesium oleate solution into a mixture 
of Pb2+, I−, and PbS clusters.[79] The key point was to control 
the growth of PbS clusters by selecting a proper S precursor, 
(thioacetamide; in this case) and optimizing the growth time. 
The shape of the PbS-capped CsPbI3 PSNCs was different 
from the typical CsPbI3 NCs’ regular cubic morphology and, 
at some points, CsPbI3 NCs connected with each other via one 
PbS cluster. This concomitant connection improved the charge 
transport within the NC film and led to better device perfor-
mance. In another procedure, passivation of the PbS QDs by 
CsPbI3 perovskite led to remarkable stability both under long-
term constant illumination and storage under ambient condi-
tions (Figure 3A).[80] The improved passivation significantly 
diminishes the sub-bandgap trap-state assisted recombination, 
leading to improved charge collection and therefore higher 
photovoltaic performance. A similar structure of CsPbBrI2/
PbSe heterojunction NCs was reported for the fabrication of 
high-performance white light-emitting diodes and red-emitting 
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PS LEDs under ambient air conditions.[81] The larger ionic 
radii of Se2– anions (198 pm) compared to that of S2– (184 pm) 
played a crucial role in inducing more lattice mismatches at the 
surface, and this resulted in PbSe NC-decorated QD/PS com-
posites instead of forming a uniform shell of PbSe. In addition, 
the Se ratio affected the morphologies of these samples. Here, 
the connected NCs were also found, and they originated from 
the fusion of PSNCs together during the formation of a PbSe 
bond when some of the surface ligands were detached. Very 
recently, hybrid CdSe/CsPbI3 QDs were introduced as the inter-
facial layer to regulate the charge transfer and energy transfer 
processes.[82] Recently, halide perovskite films of CsPbBr3, 
CsPbIBr2, and CsPbBrI2 were coated with CsPbBr3 QDs by an 
anti-solvent spin-coating process (Figure 3B).[83] The benefit of 
using the CsPbBr3 QDs is threefold. First, they act as growth 
seeds to accelerate the crystallization and promoted larger grain 
crystals and improved surface morphology of the resulting 
films. Second, the ions of CsPbBr3 passivate the vacancy 
defects that originated during the annealing process and finally 

the self-assembly of the hydrophobic organic ligands on the  
surface and grain boundaries enhanced moisture stability 
(Figure 3B).

Tian and Rogach[84] were inspired by the previous work of Tu 
et  al.,[81] and they understood the underlying problem behind 
the enhanced lattice mismatch. In all previous studies, tributyl-
phosphine (TBP) was employed instead of tri-noctylphosphine 
(TOP), which acts as a considerably weaker reducing agent. The 
use of TBP resulted in water formation by reducing the carbox-
ylic acid group of the oleic acid (OA); this directly influences 
the formation and optical properties of CsPbI3/PbSe hetero-
structures. The problem with combining these two dissimilar 
inorganic materials is in the different capping layers. The 
formation of a heterojunction at the surface needs to be con-
tinuous or densely packed. Although both hybrids/composites 
have sufficient heterojunction points to improve the stability 
and performance of the individual material, it is important to 
form continuous heterojunction points. Thus, they developed 
a simple yet effective strategy for fabricating CsPbI3/PbSe 

Adv. Optical Mater. 2022, 2102566

Figure 3.  A) Illustration of the fabrication process of inorganic CsPbI3 perovskite coating on the PbS CQD and HRTEM image of the PbS-CsPbI3 
perovskite based CQD. Reproduced with permission.[80] Copyright 2017, Wiley-VCH. B) Processing of perovskite films with the QD passivation treat-
ment. a) Precursor solution is spin-coated on the substrate, then antisolvent containing CsPbBr3QDs is dropped on precursor solution during the 
spin-coating process. b) CsPbBr3QDs self-assemble on the surface of deposited films, which contain halide vacancies and under-charged Pb. c) The 
ions released from QDs diffuse into halide vacancies and organic ligands coordinate under-charged Pb atoms during the annealing. d) The crystal-
lized halide perovskite film. SEM images of four kinds of perovskite films (CsPbBr3, CsPbIBr2, CsPbI2Br, and MAPbI3). e–h) without and i–l) with QD 
treatment. Heterogeneous spots on thin films without the QD treatment are marked with redcycles and ellipses. The scale bar is 300 nm in (e–l). 
Reproduced with permission.[83] Copyright 2021, Wiley-VCH. C) SEM images of the core–shell PbSe@CsPbBr3 wires at different growth times and 
schematic representation of the growth processes of the core–shell PbSe@CsPbBr3 wires. Reproduced with permission.[89] Copyright 2018, Wiley-VCH.
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hybrids. In this approach, TOP served as the precursor to intro-
duce selenium anions (in the form of TOP:Se adduct) and it 
triggered gradual PbSe nucleation on the exposed PS surface 
Pb sites, which resulted in the formation of a PbSe passiva-
tion layer.[84] However, in another study, a layer of CsPb(Br/I)3 
was passivated over PbSe QDs to increase the PCE of PbSe QD 
solar cells (QDSCs).[85] A series of mixed halide PS NCs were 
synthesized by tuning the ratio of PbBr2/PbI2; the solutions 
were then added to a sample of PbSe QDs to improve the passi-
vation effect for PbSe QDs in solution, and this led to a superior 
PCE (9.2%). The introduction of the PbSe layer decreased the 
density of surface defects and increased the electron mobility 
and exciton lifetime. Inspired by the high flexibility of halide 
ion migration in PS materials, a unique passivation route was 
developed for PbSe QDs. The halide ions from these PS NCs 
could shuttle to defective or weaker Pb-Cl binding sites on the 
surface of PbSe without causing the excess removal of capping 
ligands owing to their similar surface conditions and absence of 
extra cations.[86] Passivation not only increased the air stability 
of the film but also improved the PCE of the PbSe QDSC by up 
to 8%. Recently, 2D CdSe nanoplatelet (NPL)-CsPbX3 compos-
ites were developed to improve the photocurrent response. The 
synthesis procedure for CdSe-CsPbBr1.5I1.5, CdSe-CsPbBrI2, 
and CdSe-CsPbI3 composites involved the direct mixing of 
a fixed volume of CdSe NPLs from the stock solution with a 
desired amount of CsPbBr1.5I1.5, CsPbBrI2, and CsPbI3 NCs. 
CsPbBr3/ZnS core/shell nanocrystals were designed to enhance  
the stability of the material and average PL lifetime.[87] The 
surface charge traps and grain boundaries of the PS surface  
were passivated by CdSe/ZnS and CdS/ZnS QDs. The 
CdSe/ZnS QD passivation layer on the PS materials served not 
only as a protective layer, but it also increased hydrophobicity to 
induce outstanding device stability.[43]

The nanowires of QD/PS heterostructures were synthe-
sized in addition to the conventional morphology of QD/PS  
hybrids.[88,89] The slight modification of the conventional  
synthetic procedure resulted in a hybrid nanowire film in 
the last step of the synthesis: the solution containing PbS 
QDs, PbI2, and CH3NH2I was spin-coated at 2500  rpm onto 
a polyethylene terephthalate film with gold contacts followed 
by annealing at 70  °C for 10  min under ambient conditions  
(relative humidity ≈ 50%). However, another method was 
developed to synthesize PbSe@CsPbBr3 wire heterostructures 
through a simple CVD route (Figure 3C) wherein the CsPbBr3 
shell was grown epitaxially on the core of the PbSe wires pre-
pared with self-catalyzed vapor–liquid–solid.[89]

From the literature, we learned about the synthesis of these 
hybrid systems. The first step is the synthesis of solution-
processed QDs for designing heteroepitaxy. In this context, 
the hot injection method has been proved to be very useful for 
achieving monodisperse and high-quality colloidal QDs along 
with the control of the nucleation process. This method makes 
it easy to engineer the structure, bandgap, and morphology. 
The dispersibility of QDs in polar solvents needs to be achieved 
because the main goal is to develop a heterostructure of QD 
and PS. Thus, the exchange of long organic ligands with short 
halide ligands has proven to be considerably effective. QDs in 
polar solvents (DMF, butylamine, etc.) with halide ligands are 
mixed with PbI2 for the in-situ epitaxial growth of PS on QDs. 

QD/PS films were fabricated in the last step by soaking spin-
coated halide QD films in a halide ligand/isopropanol solution.

3. Carrier Dynamics in Quantum Dot/Perovskite 
Systems
3.1. Perovskite Nano Crystals

In this subsection, we focus only on the photodynamics of 
PSNCs. While in subparagraph 3.2, we comment on the 
dynamics of QD/PS complex systems. A comprehensive under-
standing of the charge recombination and transport processes 
is paramount for designing highly efficient PS-based optoelec-
tronic devices, as the optoelectronic parameters of the related 
devices are directly determined by these processes.[33] The 
dynamics of excitons and free charge carriers in PS crystals 
with sizes ranging from nano- to micro-scale is composed of 
carrier generation, transfer between neighboring crystals, and 
internal or interface recombination occurring within femto to 
nanosecond regime.[90,91] Carriers (electrons and holes in CB 
and VB bands, respectively) with excess energy relax via cooling 
processes through intra-band (electron–phonon interactions) 
transition pathways (Figure 4A).[91] Radiative transitions due to 
the recombination of generated electrons and holes give rise 
to band-edge photoluminescence (PL).[92] Self-trapped excitons  
attributed to lattice distortions or defect states generate broad-
band emission along with a delayed lifetime.[93,94] The photo
behavior of the perovskite materials has been changed by 
modifying synthetic and post-synthetic procedures.[95–98] Based 
on the preparative methods, the reported trap-related recom-
bination rates for MAPbI3-xClx and FAPbI3-xClx (x = 0, 1, 2, 3) 
range from ≈10 to 2 × 108 s−1.[95] The contribution of the unde-
sirable processes can be altered by varying the composition 
of PS materials. Modifying the composition of the lead halide 
PS by a combination of halide anions (I-, Cl-, Br-) and organic/
inorganic cations (CH3NH2

+ (MA), HNCHNH2
+ (FA), Cs+) can 

influence the size and crystal structure of the material.[99,100] 
This can change the band structure, leading to the bandgap 
modification. Another approach for changing the electronic 
structure in PS is reducing the dimensionality and size, which 
results in an increase in the bandgap of the system.[99] The 
decrease in the PS crystal size to a few nanometers can lead to a 
strong quantum confinement effect that manifests itself by the 
formation of discrete energy states.[101] Furthermore, quantum 
confinement can lead to a material wherein the majority of 
charge carriers is in the form of excitons.[102] The size-related 
modifications of the band structure in PS lead to changes in 
both time-integrated and time-resolved optical properties of 
PSNCs. Both absorption and emission intensity maxima shift 
toward shorter wavelengths, and new transitions may appear in 
the absorption spectra due to the increase in the bandgap upon 
a decrease in the size of the PSNCs.[99,103]

The photoexcitation of PSNCs with photon energy above 
the bandgap yields a state filling process at a higher excitonic 
level.[103–105] The excited system dissipates the excess energy 
through intraband charge carrier cooling, trapping, and 
interband recombination. The dynamics and spectral evolu-
tion can be recorded using femtosecond transient absorption 
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Figure 4.  A) Illustration of ultrafast photoinduced processes in metal halide perovskites. B) Time-dependent evolution of the TA spectrum of CsPbBr3 
NCs in the short (0.05–0.4 ps, left panel), medium (0.4–2 ps, central panel), and long (10–2000 ps, right panel) time scales (upper panel). The forma-
tion and decay kinetics of PB1 (505 nm) and PA1 (465 nm) bands. The inset shows the comparison between the formation and decay dynamics of the 
PB1 (505 nm) and PA2 (525 nm) band, respectively. The lower panel shows the decay associated spectra of CsPbBr3 NCs (lower panel). Reproduced 
with permission.[104] Copyright 2016, The Royal Society of Chemistry.
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spectroscopy. The transient absorption spectra (TAS) of the 
PSNCs are composed of a photo bleach band (PB, ΔA  <  0,  
A is absorption intensity) and excited state photoinduced 
absorption (PA, ΔA  >  0) (Figure  4B). The observation of the 
temporal evolution of PB and PA in different PSNCs provides 
information on the electronic states involved in the recombina-
tion processes. The rise and decay dynamics of PB and PA in 
the PSNCs are similar, which clearly indicate that the evolution 
of both bands is attributed to the same states (Figure 4B).[103–105]

The temporal evolution of the TAS was dominated by 
the hot charge carrier cooling process directly after excita-
tion.[99,104–106] The TAS in CsPbBr3 QDs at early pump-probe 
delay times below 2 ps consisted of two bleach bands (PB1 and 
PB2) and two photoinduced absorption signals (PA1 and PA2) 
(Figure  4B) because of the state-filling process of higher exci-
tonic energy levels.[104] PB2 and PA2 disappeared within  
300–700 fs owing to the carrier–carrier and carrier–phonon 
cooling process, whereas BB1 and PA1 were characterized by 
the long-time dynamics attributed to the interband relaxation 
of charge carriers (Figure 4B). Similar timescales of the cooling 
process were observed in various PS nanostructures with  
different compositions: CsPbBr3, CsPbBr1.5I1.5, CsPbI3, MAPbBr3,  
and FAPbBr3.[106,107] Interestingly, the increase in pump 
intensity and in photon energy results in slower intraband 
recombination because of Auger heating and phonon bottle-
necks.[97,105,107,108] Two time components appear in the MAPbBr3 
hot-carrier cooling process. The faster time component  
(τ1 = 1 ps) is power independent; however, the slow component 
(τ2) changes from 1.8 to 27 ps with an increasing concentration 
of photoexcited charge carriers. The τ1 constant was attributed 
to carrier-longitudinal phonon interactions, whereas τ2 was 
assigned to Auger heating.[105]

The VB and CB in PSNCs populated by holes and electrons 
after photoexcitation and the initial intraband relaxation may be 
depopulated because of charge carrier trapping, trap-assisted 
recombination, and bimolecular and Auger recombination. The 
contribution of charge carrier trapping events is predominant 
at low pump fluences because the density of traps is compa-
rable to the density of photoexcited charge carriers.[103,109]  
Trapping events in such structures can occur because of the 
surface trap states owing to the high surface-to-volume ratio in 
QDs. Several reports have shown that halide surface vacancies 
are predominantly involved in trapping events in PSs.[104,110,111] 
The time decay of TA includes two components attributed to 
the direct interband recombination of electrons and holes and 
trapping events. The 400 ps component in the TA dynamics of 
CsPbI3 upon excitation with a low fluence of 0.5 μJ cm−2 was 
observed on account of the trapping process.[112] A trapping 
time of one order of magnitude (45  ps) was provided by TA 
dynamics in CsPbBr3 NCs upon excitation with a pump fluence 
of 2–4 μJ cm−2.[104] Moreover, the increase it the relative ampli-
tude of this component in CsPbBr3 NCs with the decreasing 
intensity of the pump supports the trap-assisted origin of 
this process and excludes the possibility of the Auger recom-
bination origin of the 45 ps component. Further, a 40 ps time  
constant was observed in the up-conversion spectroscopic 
results recorded at considerably lower excitation intensities 
(0.016 μJ cm−2) than those of TA (2–4 μJ cm−2), which further 
corroborates the trap-assisted processes in the material.

Trap states introduce undesirable recombination processes  
that quench the radiative recombination in PSNCs and 
diminish emission efficiency in the materials.[110,113] However, 
traps in PSNCs are related to the surface of the nanostructures 
and their passivation can eliminate undesirable energy 
states.[103,104,110,114] Further, several reports have indicated the 
strong effect of capping agents such as trimethylaluminum, 
di-dodecyl dimethyl ammonium bromide, hexylamine sulfate, 
or NH4SCN on the emission efficiency of PSNCs.[110,115,116] The 
most impressive emission efficiency (PL quantum yield (PLQY) 
close to unity) was achieved by capping CsPbBr3 NCs with 
NH4SCN and hexylamine sulfate, which effectively removed 
the excess lead from the surface.[110,114] In addition, time-
resolved TA and PL measurements revealed that the passivation 
of MAPbBr3 QDs by n-octylamine resulted in the elimination of 
trap-assisted recombination.[103] The passivation of the QD sur-
face caused the faster decay component to disappear, and both 
TA and PL decays were composed of one component because of 
the bimolecular recombination.

The excitation of PSQDs with high fluences of light yields 
large densities of photoexcited charge carriers; therefore, 
the contribution of Auger recombination becomes notice-
able.[102,109] The presence of 15 ps component in the terahertz 
decays of CsPbBr3 NCs attributable to the Auger recombi-
nation of free charge carriers was reported.[109] Wang et  al. 
provided a different explanation for ultrafast photoinduced 
dynamics in CsPbBr3 QDs.[102] Based on time-resolved emis-
sion studies, authors claim that excitons are responsible for 
the deactivation of excited states and not free charge carriers. 
However, it is important to note that QDs investigated in this 
study were smaller than those discussed earlier. Owing to the 
stronger quantum confinement in smaller NCs, the excitons 
may have become the majority charge carriers generated in 
the material. An increase in the light intensity led to a fast 
105  ps decay component caused by Auger recombination. 
Only one component was present at low intensities because 
of the direct interband recombination. The assignment of 
the time components is based on three arguments. First, 
the authors argue that the binding energy of biexcitons of  
50 meV is above the thermal energy at room temperature, which 
ensures the survival of the biexciton state. Second, the large 
biexciton binding energy produces a remarkable shift in the 
stimulated exciton band toward longer wavelengths compared 
to spontaneous emission. Finally, the quadratic dependence  
of the SE band intensity on the pump fluence upon excitation 
with a 5  ns pulse SE confirms the biexcitonic nature of the 
phenomena.

An easy and effective method for modulating the optical 
properties of PSNCs is the intentional doping of their lattice 
with heteroatoms; this has a negligible influence on the host 
crystal structure. The compositional engineering of PSQDs by 
the introduction of the main group metal cations, transition 
metal cations, and rare earth metal cations has been presented 
in several reports.[117–119] Such modifications can lead to the 
appearance of new radiative transitions, increase emission 
efficiency, and decrease the contribution of trapping events in 
doped nanostructures.[117–121] The discussion of metal-doped 
PSQDs is beyond the scope of this review, and it will not be 
discussed in detail.
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3.2. Carrier Dynamics in Different Quantum 
Dot/Perovskite Systems

The combination of lead trihalide PSs of different dimen-
sionality (3D, 2D, 1D, and 0D) with various materials aims 
to improve the stability of PS-based materials, enhance their 
PLQE, or acquire more effective charge carrier separation 
based on the desired application.[112,122–125] To accomplish these 
goals, both bulk and nanostructured PSs were combined with 
metal chalcogenide QDs (PbS, CdS, CdSe), black phosphorus 
quantum dots (BPQDs), and GQDs.

However, two different scenarios can arise: 1) The band gap 
of the QD is larger than that of the PS (Figure 5A) and 2) the 
band gap of the QD is smaller than that of the PS (Figure 5B). 
The presence of chalcogenide QDs with a band-edge emission 
range greater than that of the PS itself has been found to be 
successful for effective charge separation and bimodal radiative 
recombination. The processes involve charge carrier transport 
from the QDs to PSs or from PSs to QDs and the interface, 
followed by exciton recombination at the PS and QD, and the 
recombination of the transferred charges at the PS and QD.

Chalcogenide QDs are attractive materials for PV devices 
owing to the easy tunability of the bandgap across a wide range 
of energies and high light absorption coefficients (Figure 6A). 
The combination of these materials with lead trihalide PSs 
can help overcome the limitations of each component, which 

enhances the performance of PV devices.[126] Therefore, mate-
rials composed of PSs and chalcogenide QDs have grown 
into the most extensively studied hybrid systems, surpassing 
mixtures with BPQDs or GQDs. Considering the importance of 
different nanomaterials, our discussion of PS-based nanocom-
posites begins with the description of PS nanocomposites with 
chalcogenide QDs followed by BPQDs and GQDs containing 
ones.

3.2.1. Pb Chalcogenides in Perovskites

Among all metal chalcogenides, PbS nanostructures have 
gained considerable attention as their crystal lattice matches 
with the PS structure that prevents the formation of an unstruc-
tured or highly disordered PS layer on the QD/PS interface.[45] 
The conformity of PS and PbS QD crystal lattices along with 
the tunable optical properties of PbS nanostructures makes 
their mixtures the most extensively researched PS-based com-
posites.[45,62,127,128] The materials composed of PSNCs and 
PbS QDs show dual emission in the visible and NIR regions 
because of the respective PSs and PbS components. Dual emis-
sion in PbS/MAPbI3, PbS/CsPbBr3, and PbS/CsPbCl3 QDs 
has been reported in several studies (Figure  6B).[45,58,122,] The 
combination of PbS QDs and PSQDs results in a material 
wherein the photoexcited charge carrier can migrate between 
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Figure 5.  Schematic presentation of the charge carrier dynamics in a QD/PS composite with two distinctive situations where charge transfers from 
A) QDs to PS and B) PS to QDs.
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Figure 6.  A) Positions of VB (◘) and CB (○) for PbS QDs of different sizes and for bulk MAPbI3. Reproduced with permission.[126] Copyright 2020, 
The Royal Society of Chemistry. B) Absorption and dual emission of PbS/CsPbI3 heterostructural QDs. Reproduced with permission.[122] Copyright 
2020, The American Chemical Society. C) Femtosecond transient absorption spectra of MAPbI3 and PbS/MAPbI3 QDs composite at 1 ps pump-probe 
delay time. 2D pseudo-color map of D) MAPbI3 and E) PbS/MAPbI3 QDs. F) Comparison of TA decays of pristine perovskite and composite at 760 nm 
observation wavelength. Reproduced with permission.[129] Copyright 2018, Elsevier. Scenarios of photoinduced hole and electron diffusion and transfer 
to QDs of different sizes. G) The electron transfer to the CB in QDs of 2.9 and 3.2 nm is precluded. H) The electron transfer to the CB of QDs of  
4.5 and 5.3 nm is allowed. Reproduced with permission.[121] Copyright 2020, The Royal Society of Chemistry.
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components. It was observed that the PLQY of PbS embedded 
in CsPbBr3 NCs increased from 0.67% to 18.4% because of the 
efficient electron transfer (87%) from CsPbBr3 to PbS.[122] The 
femtosecond TA measurements of this system revealed that the 
presence of PbS results in an acceleration of the bleach band 
decay attributed to the energy transfer from PSNCs to PbS QD. 
The observation of the signal related to PbS QDs indicated that 
the exciton lifetime in PbS significantly increased in the com-
posite as compared to neat PbS because of the exciton transfer 
from CsPbIBr3 NCs to PbS QDs. The exciton and hole transfer 
from PSNCs to QDs is driven by the lower energy of the VB 
and the higher energy of the CB edge in PbS compared to those 
in CsPbBr3.

Efficient charge carrier transfer from PSs to PbS QDs was 
observed in nanocomposites composed of PbS QDs embedded 
in a bulk MAPbI3 matrix.[126,129] First, PbS/MAPbI3 QDs thin 
polycrystalline films containing various concentrations of QDs 
(3  nm in size) were fabricated by femtosecond TA spectros-
copy.[129] Interestingly, the interaction of the guest material with 
MAPbI3 influenced the crystal structure of the host, and this 
was manifested by a slight blue shift of the TAS in the nano
composite (Figure 6C–E). In addition, bleach band dynamics at 
the 760  nm observation wavelength were attributed to charge 
carrier generation and recombination in MAPbI3, which 
increased significantly in the presence of PbS QDs (Figure 6F). 
For the composite material containing 3.0  nm QDs, only the 
edge of the VB in PbS QDs was located below that of the bulk 
MAPbI3. Therefore, the hole and not the electron needs to be 
transferred efficiently to the host (Figure  6A,G). The ultrafast 
decay of the TA signal in the PbS/MAPbI3 QDs suggested 
that electrons were efficiently transferred to the quest mate-
rial because electrons are trapped in the surface trap states of 
PbS QDs. Further, the authors concluded that TA dynamics 
in nanocomposites are attributed to the temporal evolution 
of photoexcited charge carriers in two different regions: areas 
affected and unaffected by PbS QDs. Later work on PbS QDs 
embedded in bulk MAPbI3 showed the temporal evolution of 
photoinduced charge carriers in composites containing QDs 
of different sizes. The utilization of the PbS of 2.9–5.3 nm in 
size allowed studying the electron and hole transfer processes 
of the systems wherein the energies of the CB edges in PbS 
QDs reduce to values below that in MAPbI3 (Figure 6G,H).[126] 
This means that in the case of larger QDs, electron transfer 
from the CB of MAPbI3 to the CB of PbS QDs is possible. The 
authors separated the electron and hole diffusion and transfer  
times using femtosecond TA and terahertz spectroscopies  
and by fitting the results with the physical model. The transfer 
rate constants of electron (ket) and hole (kht) are similar 
(≈0.1 ×  1010 s−1) in the case of 2.9 nm QDs, and they increase 
to 0.78 and >  1430 s−1 in composites containing 5.3  nm QDs. 
Both reports recommended the contribution of excitons to the 
processes of charge carrier generation.

The efficient transfer of photoexcited charge transfer from 
the PS matrix to PbS QDs was demonstrated by the results of 
PL studies on PbS/MAPbBrI2 nanocomposites.[123] The increase 
in the concentration of QDs embedded in the PS matrix from 
0% to 50% resulted in a drastic reduction in the emission 
intensity related to the host material caused by the charge car-
rier deactivation through transfer into PbS QDs. The decrease 

in emission intensity was accompanied by an acceleration of 
the radiative recombination lifetime; this supports the pres-
ence of charge carrier transport. The examination of QD emis-
sion while excited in the range of PS absorption indicates an 
increase in its intensity with increasing concentration of QDs 
because of the improved QD ordering and better oriented PS 
domains, which can promote more effective energy transfer.[130] 
However, the emission intensity decreases for QD concentra-
tions above 30% because of a more uneven QD landscape that 
leads to a different distribution of PS domains, compromised 
QD passivation, and enhanced inter-dot interactions.[123]

For MAPbI3 shelled PbS QDs films, power-dependent photo
carrier radiometry measurements showed that trap-mediated 
exciton transport between PbS QDs occur in this system.[131] 
The existence of shallow trap states at the interface between the 
host and guest (activation energy 34–41 meV as related to PbS 
QD CB energy) was confirmed. Further, the modeling of experi-
mental data allowed the extraction of several system parameters 
such as exciton lifetime, hopping diffusivity, separation energy 
between dark and bright states, and carrier trapping rate.

3.2.2. Cd Chalcogenides in Perovskites

Transient absorption studies and theoretical calculations of 
chloride, OA, CdS, or MAPbI3-passivated PbS QDs of two sizes 
indicate the strong contribution of unvented intradot Auger 
processes to the recombination processes in composite mate-
rials.[127] However, the authors demonstrated that the synthetic 
approach significantly inhibited Auger recombination. The 
Auger recombination rate decreases by up to one order of mag-
nitude because of the bandgap alignment between the core and 
the shell.[127] Furthermore, three different types of Auger recom-
bination were observed: i) Intradot, ii) trap-assisted, and iii) 
diffusion-assisted. The effects of both passivation and excitonic 
mode delocalization showed an impact on Auger recombina-
tion. However, only modal delocalization significantly affected 
intradot Auger recombination. The passivation of QDs with 
Cl and CdS resulted in a relatively small increase in the Auger 
lifetime compared to OA-capped PbS because of the elimina-
tion of surface trap states and consequently trap-assisted Auger 
recombination. In the case of MAPbI3 passivated PbS QDs, 
the increase is considerably larger (approximately one order of 
magnitude) because of the wave-function delocalization in the 
core.

Efficient charge carrier transfer between the two compo-
nents is possible because of the adequate positions of the  
conduction and valence bands in CsPbBr3 NCs and CdSe QDs 
or CdSe/CdS core–shell QDs.[132] As the VB edge in CsPbBr3 
NCs is located below that in CdSe and CdSe/CdS QDs, the hole 
can be transferred into the former. The energy of the CB edge 
in PS NCs is located at higher energy than the CB energy of 
CdSe and CdSe/CdS QDs; thus, electron transfer occurs from 
PSs to QDs. Indeed, the comparison of time-integrated PL 
spectra and time-resolved up-conversion emission and tran-
sient absorption decays in PSNCs/CD QD systems suggest  
efficient electron transfer between the two systems. The emis-
sion bands related to PSNCs (487 nm) and CdSe QDs (600 nm) 
are strongly quenched in the mixture of both materials owing 
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to the efficient and fast charge carrier separation. Surprisingly, 
in the PSNCs and CdSe/CdS QD mixture, only the emission 
of the PS component is strongly reduced, which clearly indi-
cates that the hole transfer to the former is restricted because of 
the presence of the CdS shell. In agreement with the time-inte-
grated emission, the acceleration of the up-conversion emission 
and transient absorption decays in composites indicates effi-
cient charge transfer. The photoexcited electron transfer from 
CsPbBr3 NCs to CdSe QDs and CdSe/CdS core–shell QDs was 
calculated to be 550 and 650 fs, respectively. The hole transfer 
from photoexcited CdSe QDs to PS NCs was 750 fs.

Interestingly, a change in the dimensionality of CsPbBr3 
and CdSe NCs significantly influences the process of elec-
tron transfer from the former to the latter.[133] Bromberg et al. 
investigated the impact of 0D and 2D nanostructures on the 
optical properties of their composites; they found that the elec-
tron transfer from PSs to CdSe in the composites composed 
of 2D nanostructures is faster than that in the mixtures of 0D 
structures, which manifests itself by the distinctive accelera-
tion of PL decays in the studied materials. In some cases, the 
combination of metal chalcogenides with PSs led to materials 
being characterized by improved uniformity and operational 
stability, narrow-band emission, and enhanced PLQY.[125] Fur-
ther, capping CsPbBr3 QDs with a CdS shell reduces nonra-
diative Auger recombination, which leads to higher amplified 
spontaneous emission compared to noncapped PSQDs; the 
relative efficiency increases by over 130%. The authors con-
cluded that the capping of PSQDs with a CdS shell reduced 
the number of deep electron and hole surface traps.[125]  
Surface trap passivation in thin polycrystalline MAPbI3 films 
was observed due to CdSe/ZnS QD layer deposition on top 
of the PS film.[43] The CdSe/ZnS QD layer additionally served 
as a protective layer and augmented the hydrophobicity of the 
composite material.

3.2.3. Green (Free from Pb and Cd) Quantum Dots in Perovskites

Carbon-Based Quantum Dots in Perovskites: GQDs are a group 
of materials that display promising charge carrier separation 
and transport features.[134–136] The great advantage of GQDs lies 
in the possibility of tuning the highest unoccupied molecular 
orbital (HOMO)/lowest unoccupied molecular orbital (LUMO) 
energy by the chemical modification of these nanostructures. 
Research on CH3NH3PbI3-based solar cells with and without 
a GQD layer showed that the presence of carbon-based mate-
rials causes significant quenching of the emission intensity in 
the absorber (Figure 7A). The electron is transferred to TiO2 in 
both solar cells, and therefore, the 75% reduction of the emis-
sion band in the solar cell containing GQDs is attributed to 
the more efficient electron injection into the hole-transporting 
layer (Figure  7B).[135] The reduction in the emission intensity 
in similar systems caused by GQD addition is in agreement 
with other reports.[134,136] The enhanced proficiency of electron 
transfer in solar cells comprising GQDs (TiO2/GQDs/PS) com-
pared to those lacking carbon-based material (TiO2/PS) was 
established by the acceleration of emission and TA decays in 
the former (Figure  7C,D).[135] The improvement in the charge 
carrier extraction efficiency in the PSCs containing GQDs was 

attributed to a two-step electron transfer between PS and TiO2. 
First, the electron is transferred from the PS and GQDs, and 
in the next step, to TiO2 (Figure  7E,F). The TA decay analysis 
indicated that the presence of GQDs decreased the PS → 
TiO2 electron injection time from 260 to 307 ps in TiO2/PS to 
90–160 ps in the TiO2/GQDs/PS system.[135]

Black Phosphorus Quantum Dots in Perovskites: BPQDs 
have been found to be good candidates for charge carrier 
extraction materials from PS materials. The application of 
a nanocomposite composed of a BPQD layer deposited on 
a FA0.85MA0.15PbI2.5Br0.5 PS thin film in a plastic solar cell 
resulted in a 3.15-fold enhancement of efficiency (11.26%) 
compared to the device without the BPQD layer.[137] This 
impressive improvement is attributed to more effective 
electron extraction from the PS material into BPQDs. The 
increase in the electron extraction efficacy is proven by the 
distinctive reduction in the intensity of the PS emission band 
and the shortening of the emission lifetimes form τ1 = 6.8 and 
τ2  = 198.2  ns in pure PS to τ1  = 4.3 and τ2  = 27.6  ns in the 
BPQDs/PS nanocomposite material. Interestingly the increase 
in the dimensionality of black phosphorus nanosheets inter-
acting with CsPbBr3 QDs capped with organic ligands (OA, 
oleylamine, siloxane ligand 3-aminopropyltriethoxy-silane 
with glutaric anhydride, benzylamine (BA), and benzoic acid 
(BZA))results in even larger reduction of emission lifetime, 
and thus, in more efficient electron transfer.[138] Earlier studies 
on PSQDs covered by BA and BZA showed charge carrier 
transfer in these systems.[139]

Interestingly, it was shown that BPQDs can be used as seed-
like sites to modulate the nucleation and growth of CsPbI2Br 
and MAPbI3 PS films.[140,141] Perovskite nanocomposite films 
formed in the presence of BPQDs are characterized by high 
crystallinity and fewer nonradiative defects compared to pure 
PS material (Table 1). Therefore, this increases the emission 
efficiency and excited charge carrier lifetime in the BPQD/
PS material. Yang et  al. showed that the emission lifetime 
increased from 78 ns in pure PS to 95 ns in BPQD/PS.[141]

4. Application

4.1. Quantum Dot/Perovskite Hybrid Solar Cell

Semiconductor nanostructured architectures that exhibit 
quantum properties in PV applications have attracted consider-
able research interest in the last two decades. Semiconductor  
QDs have been exploited as light-harvesting materials to design 
low-cost third-generation solar cells owing to their properties  
such as the ease of bandgap tunability, high absorption coef-
ficient, low-cost preparation, and potential to generate multiple 
excitons.[20,142–144] Devices comprising QDs as light-absorbing 
material have shown excellent potential regarding room 
temperature stability and ease of device fabrication in a larger 
scale. Different strategies such as the formation of core/shell 
structures and surface engineering to reduce surface trap states 
and improve carrier transport in addition to computational 
studies have increased the PCE of QD-based third-generation 
solar cells to 18.1%.[26,145–148] Due to lack of proper bandgap 
absorbers and electron–hole transport materials, people are 
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finding it is difficult to overcome the issues and challenges 
associated with the development of efficient QDSCs, despite 
single-junction QDSCs being considerably more stable than 
PSCs.[146,149] In terms of PCE QD based solar cells lack far 
behind the bulk PSCs. Over the last eight years, rigorous 
research on the development of PSCs has boosted their PCE 
to 25.5% (29.5% in tandem architecture) from 3.8%, and this 
value continues to rise.[26,150–153] The effectiveness of PSCs lies 
in the fact that organic–inorganic hybrid PSs can act both as  
an absorber and an efficient CTL because of their high optical 
absorption properties (greater than 105 cm−1 attributed to 
s-p antibonding coupling), excellent charge-carrier mobility  
(800 cm2 Vs−1), longer exciton diffusion length (≈1  µm), low 
exciton binding energy (less than 10 meV), high PLQY(as high 
as 95%), high carrier lifetime (exceeding 300 ns), and tunable 
bandgap.[154] The cost-effectiveness and easy fabrication com-
pared to silicon solar cells further support their increasing use 
for converting solar energy into electrical energy.

4.1.1. Perovskite Solar Cell Architectures: Configurations and 
Challenges

PSC device architectures can be classified into three types: 
mesoporous n-i-p, planar n-i-p, and planar p-i-n. Regular 
PSCs are configured by a transparent conductive oxide/
blocking layer (ETL)/PS absorber layer/HTL material/gold (Au)  
(Figure 8A).[155]

In the mesoporous n-i-p architecture, an intermixed layer 
formation is governed by the infiltration of PS materials into 
an ETL scaffold with nanoscale pores. The device stack is com-
pleted by depositing an HTL over the PS and the evaporation 
of the top electrode. The use of a mesoporous layer suppresses 
the photocurrent–voltage (J–V) hysteresis phenomenon in the 
PSCs by enhancing the charge separation, which leads to a 
PCE of 22.1%.[26] However, in the planar n-i-p PSC architec-
ture, a compact ETL can be found instead of an intermixed 
layer directly attached to the PS layer. Direct attachment favors 
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Figure 7.  A) Photoluminescence spectra of TiO2/PS (black line) and TiO2/GQDs/PS (red line). B) Illustration of the electron transfer in TiO2/GQDs/PS. 
C,D) Transient absorption decays of the bleach band (at 760 nm) and photoinduced positive absorption (at 539 nm) in TiO2/PS (black squares and line) 
and TiO2/GQDs/PS (red circles and line). Illustration of the electron transfer in E) TiO2/PS and F) TiO2/GQDs/PS. Reproduced with permission.[135] 
Copyright 2014, The American Chemical Society.
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the scaling-up process, and this structure has recently shown 
high-efficiency performance with negligible hysteresis. In 
this architecture, carbon or gold electrodes are used directly 
instead of the HTL, which favors the scaling-up process.[153] 
The planar p-i-n architecture refers to the inversion of  
carrier extraction layers compared to the n-i-p configuration 
(Figure 8B).

The rapid transition of this PSC technology at the industrial  
scale requires a proper route to scale up the synthesis and  
fabrication procedure as PS films and devices are extremely 
sensitive to PS deposition conditions, and film drying proce-
dures can significantly affect the morphology of PSs. Strategi-
cally incorporating semiconductor QDs within PSs can boost 
the PV performance of PSCs; most importantly, it can boost 
device stability. The advantages of incorporating QDs is five-
fold: i) QDs can act like a seed or heterogeneous nucleation 
centers to facilitate the uniform, pinhole-free high-quality large-
grain PS film formation; ii) QDs enhance the light-harvesting 
ability by absorbing the short-wave infrared part of the solar 
spectrum; iii) they can serve as both ETL and HTL materials 
for the rapid extraction of charge carriers; iv) QDs can reduce 
the surface trap concentration of the PS films, which prohibits 

charge carriers from rapid radiative recombination and residing 
at the surface traps, thereby increasing efficiency; and v) most 
importantly, incorporation of QDs increases the stability of the 
PV devices.

One interesting synergistic effect of adding the embedded 
QDs into halide PS layers is their role as seed promoting and 
helping in the crystallization of the halide PS layer and the 
final photoconversion efficiency of the PV devices.[62,69] The 
efficiency of the PSC with the addition of embedded QDs 
depends not only on QD concentration but also on the surface 
nature of QDs.[48]

4.1.2. Quantum Dot/Perovskite as the Absorber Layer

The extraordinary PCE of the PSCs generally originates 
from the minimized charge recombination effects inside the 
absorbing layer and good interfacial contact with the charge 
extraction layers. However, the surface defect can act as a 
poison to facilitate non-radiative recombination resulting 
decrease in charge carrier lifetimes. The key to excellent photo
carrier diffusion is the efficiency of converting photoelectrons 
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Table 1.  Reported effects of the QDs on the charge carrier dynamics of PS systems.

Type of QDs QD Photoinduced processes Reference

Pb chalcogenide PbS Efficient charge carriers from PS to PbS QDs
Acceleration of free charge carriers transition with PbS QDs size due to VBs and CBs alignment  

between two components
A strong influence of interfacial trap states on the free charge carriers transfer

Trap mediated exciton transport

[122,123,126,129–131]

Cd chalcogenide CdSe Efficient charge carriers transfer between the components due to adequate positions of VBs and CBs in PS and CdSe
Electron is transferred to PS while hole to CdSe

[125,127,132,133]

Green QDs CQD Enhancement of electron transfer efficiency to electron transporting layer [134–136]

BPQD Efficient electron extraction from PS to black phosphorus materials
Acting as seed-like sites, the black phosphorus nanostructures improve the optical quality of PS materials

[137–139]

Figure 8.  A) Schematic illustrations of the layered structures of three typical perovskite solar cell architectures: mesoporous n-i-p, planar n-i-p and 
planar p-i-n. B) Illustration of the energy band diagram showing how different perovskite solar cells operate.
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and holes generated at the PS surface to excitons. QD passiva-
tion has a vital role to play in this regard. The introduction of 
QDs with low trap densities in PSCs reduces the overall surface 
defect concentration in the films facilitating charge separation, 
improves conductivity, enhances unidirectional charge flow 
along with superior light-harvesting, and finally, results in the 
enhancement of device stability and efficiency.

Pb Chalcogenides in Perovskite Layers: The addition of embedded 
QDs into the halide PSs matrix is an effective method to  
significantly increase the stability of the black PS phase.[156] PbS 
QDs are the most studied systems in this regard as PbS has 
the lowest lattice mismatch with MAPbI3 (<5%) and CsPbBr3 
(~0.5%) perovskites, which basically ensures high-quality epi-
taxy with low strain. In this context, the stabilization of FAPbI3 
layers presents a major challenge to increase the performance 
of a single-absorber PSC because FAPbI3 has the narrowest 
bandgap,[156] the closest one to the bandgap that can provide 
the maximum theoretical efficiency considering the Shockley–
Queisser limit.[157] However, the size of FA is slightly larger 
than cation sizes that allow the stabilization of the PS phase 
(α-phase); the stable phase of FAPbI3 at room temperature 
is hexagonal (δ-phase). Although the α-phase presents the 
desired narrow bandgap (black phase), the δ-phase is not photo
active with a broad bandgap (yellow phase). The instability of 
the FAPbI3 black phase is conventionally solved by the addi-
tion of cations with a size smaller than FA, such as Cs and/or 
methylammonium.[158] Nevertheless, this strategy has a draw-
back in that the bandgap of the resulting PS increases while 

moving away from the maximum theoretical efficiency for Pb-
based halide PSs. In this context, adding PbS QDs to a pure 
FAPbI3 layer with an optimized concentration and size can 
preserve the FAPbI3 black phase (Figure 9A).[53] This stabiliza-
tion has an essential effect on the performance of solar cells 
fabricated with FAPbI3. Photoconversion efficiency and solar 
cell reproducibility were enhanced with the addition of QDs 
(Figure 9B).[53] The stability of the device stored under ambient 
conditions with no encapsulation increases significantly 
(Figure 9C).[53] The beneficial effect in terms of stability enhance-
ment is limited to pure FAPbI3 and other halide PSs such as 
FACsPbI3. Nonencapsulated solar cells fabricated with FAC-
sPbI3 with embedded PbS nanoplatelets preserved their photo-
current after 4 months of storage under ambient conditions 
compared to a clear decrease observed for samples with no addi-
tives (Figure 9D,E).[54] This stability enhancement was observed 
again when harder ageing conditions were applied, for example, 
thermal annealing at 70  °C and 55% RH (Figure  9F).[54] No  
significant effect was noted in the samples containing embedded 
PbS nanoplatelets, whereas a continuous performance decrease 
was observed for FACsPbI3 with no additives. Very recently 
the same group has reported also a significant increase of 
the T80 parameter, the time in which the efficiency drops to 
80% of the initial value, of pure FAPbI3 solar cells when cells 
were fabricated in air.[159] T80 increases from 21 (for devices 
fabricated in N2) to 112 days (for solar cells fabricated in the 
ambient atmosphere). Interestingly T80 reaches 145 days if PbS 
quantum dots (QDs) are introduced as additives in air-prepared  
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Figure 9.  A) X-ray diffraction patterns of FAPbI3 (FAPI) layers without and with different concentrations of embedded PbS QDs 30 days after the 
synthesis and storing at ambient conditions. The pictures show that the predominant black or yellow phase can be distinguished by bare eyes.  
B) Statistical distribution of photoconversion efficiency (PCE) of pure FAPI and FAPI-PbS composites. C) Stability of PCE of FAPI and FAPI-PbS stored 
at ambient conditions. Reproduced with permission.[53] Copyright 2020, The American Chemical Society. D) Comparison of the incident photon to 
current efficiency (IPCE) for fresh FACsPbI3 and FAPbI3 + PbS nanoplatelets samples. E) Comparison of the same samples after 4 months storing at 
ambient conditions. F) Effect of an annealing at 70 °C and 55% RH on the PCE of FACsPbI3 and FAPbI3 + PbS nanoplatelet samples. Reproduced with 
permission.[54] Copyright 2020, Wiley-VCH.
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FAPI PSCs. On the other hand, the performance of the solar 
cells depends on the concentration of PbS QDs embedded in 
the FACsPbI3 matrix, but for all the analyzed concentrations 
and increase of stability respect devices without QDs was 
reported.[159] The combination of halide PSs and semiconductor 
QDs presents a high interest in developing advanced solar cell 
configurations as intermediate-bandgap solar cells.[46,58,160]

Incorporation and passivation of PbS QDs in perovskite 
matrix have proved to be quite successful in terms of stability 
and efficiency.[49,53,62,80,161–165] Initial PCE of 4.92%[49] has been 
boosted to ~ 21%[165] in 4 years.

Cd Chalcogenide in Perovskite Layers: Apart from PbS QDs  
CdSe/ZnS[43] QDs have also been employed for the passivation. 
CdSe/ZnS QDs effectively passivated the surface charge traps 
and grain boundaries of the perovskite materials to reach an 
outstanding efficiency close to 20%, along with a suppressed 
hysteresis in the J–V characteristics.

Perovskite Quantum Dots in Perovskite Layers: Deposition of 
CsPbBr3 QDs over CsPbIBr2 PS film suppressed light-induced 
phase segregation and degradation which increased the PCE by 
over 11% from 8.7%.[83] Integrating a small amount of ligand-
capped CsPbBrCl2 QDs within MAPbI3 layer improved the sta-
bility and increased the PCE upto 21.5%.[166] Recently, treatment 
of the MAPbBr3 PS films with Cs0.05(MA0.17FA0.83)0.95PbBr3 
QDs greatly influences the effectiveness of ionic defect pas-
sivation with PCE exceeding 21% with more than 90% of its 
initial PCE retained on expo-sure to continuous illumination of 
more than 550 h.[167] Passivating the CsPbI3 QDs over the triple-
cation perovskite films greatly improved the morphology, sur-
face electronic properties and the crystal structure of perovskite 
films to reach the PCE over 21%.[168] The use of the embedded 
or integrated QDs in perovskite matrix has been used as the 
efficient absorber layer in solar cells and the journey has been 
tabulated in Table 2.

4.1.3. Quantum Dot Electron Transport Layer for 
Electron Extraction in Perovskite Solar Cell

Oxygen, temperature, UV illumination, and biasing are detri-
mental to the long-term stability of PSCs. Although the coating 
of the PSCs is effective against moisture and oxygen, it is inad-
equate to protect the device from UV, heat, and biasing. The 
considerable increase in the cost of device making is another 
obstacle toward commercialization. Further, the interface con-
figuration between the CTL and absorber layer is a deciding 
factor that affects the performance of PSCs. The fabrication of 
the HTL and ETL with suitable interfacial energy alignment 
plays a pivotal role in extracting charge carriers when con-
structing any solar cell modules. Both organic and inorganic 
materials have been used as HTLs. Thus far, the most common 
materials used are polymers such as PEDOT:PSS and PTAA 
and inorganic materials such as NiOx and CuSCN. Recently, 
spiro-OMeTAD and bifluo-OMeTAD have emerged as the best 
in the business. TiO2, ZnO, and SnO2 are the commonly used 
ETL materials, along with some doped oxides. However, con-
ventional HTL and ETL materials have different issues, which 
always lead to the poor stability of PSCs. The photocatalytic  
degradation of the PS layer by the TiO2 ETL layer induces  

pinholes by spiro-OMeTAD, which makes the PS layer 
severely hygroscopic, pulling back the extensive research on  
PSCs. However, the synergetic combination of semiconductor 
QDs and PSs offers a unique platform to enhance the PCE of 
PSCs.

In general, the ETL is sandwiched between a photoactive 
and transparent cathode or metal counter electrode to trans-
port the generated electrons from the PS to the electrode.[169–172] 
The underlying effectiveness of the ETL in designing highly  
efficient PSC needs to be addressed. In PSCs, the ETL is 
indispensable for the following functions: i) Extraction and trans-
portation of photogenerated electrons,[173] ii) efficient carrier recom-
bination at the ETL/PS or electrode/ETL interface to facilitate 
interfacial charge dynamics,[174] iii) engineering the conduction 
band offset at the interface of ETL/PS,[175–177] and iv) regulation 
of UV light to eliminate light-induced degradation.[173] However,  
the main deciding factor is the electron transfer rate at the  
ETL/PS interface, because they are slower than the hole transfer 
at the PS/HTL interface.[173,174] This has a direct implication 
on the hysteresis behavior in efficiency measurement and ion 
migration.[174,178] Therefore, selecting and engineering the ETL 
in PSCs can be considered the most critical factor in designing 
highly efficient and stable PSCs. The choice of ETL for any PSC 
depends on two factors: i) the photons should pass through the 
ETL layer easily to be absorbed by the PS layer (for the same 
reason, the ETL with high transmittance in the UV–vis region 
is necessarily selected) and ii) the LUMO and HOMO of the 
ETL must be higher than that of the corresponding PS mole-
cular orbitals. To date, fullerenes and their derivatives, along 
with conducting polymers and metal oxides,[179–181] have been 
found to show good performance, but as a tradeoff with stability  
because of the augmented nonradiative recombination. The quest 
to find a suitable ETL for PSCs has forced scientists to lean on 
QDs, which showed great potential as an ETL.

Cd Chalcogenides as Electron Transport Layer in Perovskite Solar 
Cell: Several QDs have been used as ETLs in PSCs so far 
because of their low cost and charge mobility. Among these, 
Cd- based chalcogenide QDs were found to be suitable to act as 
an ETL because of their incredible ability to generate multiple 
excitons. Cadmium selenide (CdSe) NCs were used for the 
first time as an ETL for PSCs because of their high electron 
mobility and solution-processability, which resulted in a PCE 
of 11.7%.[182] The possibility of employing a CdSe/PCBM  
composite as a promising ETL has been demonstrated to 
improve the structural and device stability and operating 
performance of PSCs.[183] An optimal PCE of 13.7% was 
obtained under ambient conditions. An all-inorganic ETL com-
posed of CdSe QD/LiF double layers was developed for the 
inverted PSCs.[184] The CdS QDs were used as ETLs in several 
cases.[185–191] CdS nanorod (NR) arrays as an ETL via a phys-
ical-CVD process were used to upscale the PCE of PSCs. The 
CdS NRs not only provided a scaffold to the PS film but also 
increased the interfacial contact between the PS film and ETL 
to provide high mobility, thereby achieving a PCE of 12.46%.[189] 
Although the PCE achieved so far is quite impressive, further 
development is required to make the architecture more stable.

Green (Free from Pb and Cd) Quantum Dots as Electron 
Transport Layer in Perovskite Solar Cell: The use of SnS2/SnS 
nanosheets as an ETL resulted in well-matched energy and 
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a higher Voc promotion (from 0.94 to 1.08  V); it was found to 
increase the PCE by 27.95% (from 14.13% to 18.08%), com-

pared with pristine SnS2 ETL.[175] Zn2SnO4 nanoparticles have 
been successfully used as efficient ETL materials for both  
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Table 2.  Effect of different QDs (as absorber layer) on the PCE of PS-based solar cells of different architectures.

Type of QDs QD Effect of the QD Device architecture PCE [%] Ref.

W/O QD With QD

Pb-chalcogenide PbS Enhanced charge diffusion lengths due to 
improved electron transport and reduced 

electron recombination

TiO2/PbS/MAPbI3/P3HT/Pt 1.91 4.92 [49]

PbS Prevented the degradation of MAPbI3 by the 
ambient environment

ITO/ZnO/MAPbI3-PbS/spiro-OMeTAD /Ag 6.30 6.99 [161]

PbS Enhancement of PL emission intensity and 
carrier life-time accompanying with improved 
surface morphology and homogenous compo-

sition distribution in QD-treated films

ITO/MZO/PbS-CsPbI3-P/Au 8.80 10.50 [80]

PbS Reduced energy funneling,
improved carrier transport, and efficient carrier 

injection
into electrodes

ITO/ZnO/MAPbI3-PbS/PbS-EDT/Au 8.80 11.28 [162]

PbS i) Elimination of the hysteresis-effect in metal-
halide perovskites

ii) Extension of the range of device photo 
response and simultaneously deliver excel-

lent device performance as well as improved 
stability

ITO/ ZnO NPs/PbS QDs/n-PEDOT/SnO2 
NPs/MAPbI3 perovskite/spiro-OMeTAD/

MoO3/Ag

– 11.03 [163]

PbS Enhanced crystallization and more efficient 
carrier transport along the direction perpen-

dicular to the substrate of the devices

FTO/compact TiO2/CH3NH3PbI3−xClx/
spiro-OMeTAD/Au

– 17.40 [62]

PbS Larger crystal grain size, better morphology, 
higher crystallinity, and marginally broadened 

light absorption region

FTO/ETL/MAPI–PbS/HTL 14 18.6 [164]

PbS Stabilizes the black phase of FAPI in ambient 
conditions while preserving the narrow band 

gap of pure FAPI

FTO/SnO2/FAPI-PbS/spiro-OMeTAD/Au 16.4 18.0 [53]

PbS Increased stability of the device
Reduced defects, and increased moisture 

resistance ability

ITO/SnO2/MAPbI3 – PbS /PCBM:C60/
Zr(acac)4/Ag

20.64 [165]

PbS Increases solar cell photoconversion efficiency 
and stability

ITO/SnO2/FAPbI3–PbS/spiro-OMeTAD/Au 15.53 17.08 [159]

ITO/SnO2/FAPbI3 -MACl–PbS/
spiro-OMeTAD/Au

18.83 19.38 [159]

Cd-chalcogenide CdSe/ZnS Effectively passivate the surface charge traps 
and grain boundaries of perovskite materials

FTO/TiO2/MAPbI3-CdSe/ZnS QDs/C60/
BCP/Ag

14.67 19.89 [43]

Perovskite QDs CsPbBr3 Accelerate the crystallization of perovskite 
precursor solution

reduced defect density

ITO/SnO2/CsPbIBr2-CsPbBr3/
Spiro-OMeTAD/MoO3/Au

8.70 11.10 [83]

CsPbBrCl2 Increased stability by filling the defect sites 
and rendering moisture stability

PTAA/MAPbI3-CsPbBrCl2/C60/BCP/Cu. 21.5 [166]

Cs0.05(MA0.17FA0.83)0.95PbBr3 i) Reduced non-radiative recombination and 
extended charge carrier lifetimes

ii) Enhanced moisture and photostability due 
to the formation of low dimensional perovskite 

which increases surface hydrophobicity and 
device stability

FTO/SnO2/(FAPbI3)-(MAPbBr3)1−x/QDs/
Spiro-OMeTAD/Au.

19.45 21.1 [167]

CsPbI3 Improvement of the morphology, surface 
electronic properties and the crystal structure 

of perovskite films

ITO/PTAA/FAMACs perovskite:CsPbI3 QDs/
PC61BM/C60/BCP/Cu

21.03 [168]
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conventional n-i-p and inverted p-i-n PSCs, which results in an  
exceptional PCE of 17.7% along with enhanced ambient stability 
(over 90% of the initial PCE was retained after 14-day storage 
under ambient conditions at 30 ± 5% relative humidity).[192] The 
use of solution-processed ZnSe NCs has been found to increase 
electron mobility and reduce charge accumulation to produce 
a high PCE.[193–195] The potential of solution-processed ZnSe 
NC-based ETL has been demonstrated (Figure 10A) to achieve 
a high PCE of 17.78% with negligible hysteresis, compared 
with a TiO2-based cell (13.76%). The use of In2S3 as an ETL for 
MAPbI3 PSs resulted in considerably encouraging PCE values 
of 18.22% and 18.83%, respectively.[196,197] However, the use 
of In2S3 also increased the PCE to 5.59% for an all-inorganic  
CsPbIBr2 PSC (Figure 10B and Table 3).[198]

4.1.4. Quantum Dot Hole Transport Layer for 
Hole Extraction in Perovskite Solar Cell

For any PSC, the steps for PVs include: i) Absorption of light, 
ii) electron–hole separation, and iii) efficient carrier collection. 
As discussed previously, engineering different interfaces is 
of the utmost importance for successfully fabricating a stable 
and efficient PSC. The interface between the HTL and PS with 
perfect energy-level alignment favors efficient charge collec-
tion. Although the HTL in PSCs has several important func-
tions, the main method is to extract holes from the perovskite 
sensitizer layer and improve hole transport efficiency.[199–202] 
The HTL acts as an energy barrier between the PS layer and 
the back contact to prevent carrier recombination.[203,204] 
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Figure 10.  A) Cell architecture, energy band diagram, J–V curves of the perovskite solar cells based on various ZnSe ETLs and J–V curves of the best 
performing PKSCs using ZnSe and TiO2 ETLs. Reproduced with permission.[195] Copyright 2018, American Chemical Society. B) Cross-sectional SEM 
image of the device and its architecture, energy band diagram, J–V curves and best performance of the devices with In2S3 nanostructures as ETL. 
Reproduced with permission.[198] Copyright 2019, Elsevier.
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The speed of extracting the photogenerated holes from the 
absorber is the determining step for modulating the device 
efficiency and stability, and it is governed by the HTL. Thus, 
engineering the HTL/PS interface is very important for sup-
pressing carrier recombination, blocking electron transport, 
and improving the corresponding interface selectivity.[204] 
Sometimes HTL plays a crucial role in preventing the deg-
radation of the PS layer by acting as a moisture-resistant 
or metal ion diffusion barrier.[199,200,205,206] Stability issues 
give the HTL an upper hand, and numerous studies have 

been performed for developing unique and effective HTL. 
Diverse HTLs has been employed to improve the efficiency 
and stability of PSCs. Small molecules,[207–209] organic poly-
mers,[210,211] and metal-phthalocyanines,[212–215] have been used 
as efficient hole transfer materials, although their hygroscopic 
nature and questionable stability issue restricted their use in 
PSCs. To this end, a special mention of spiro-OMeTAD is nec-
essary.[216] However, the use of spiro-OMeTAD as an HTL has 
been debated for many years in terms of its cost-effectiveness, 
long-term stability, temperature, and environment-dependent  
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Table 3.  Effect of different QDs (as electron transport layer) on the photobehaviors and PCE of PS-based solar cells of different architectures.

Type of QDs QD Effect of the QD Device architecture PCE [%] Ref.

W/O QD With QD

Cd-chalcogenide CdSe Efficient electron transport ability ITO/CdSe/CH3NH3PbI3/spiro-OMeTAD/Ag 9.00 11.70 [182]

Introduced structural stability and exhibit enhanced 
photocurrent and fill factor

ITO/PEDOT:PSS/CH3NH3PbI3-xClx/CdSe-PCBM/
Rhodamine101/LiF/Ag

11.22 13.70 [183]

Enhanced electrons transfer and extraction  
efficiency along with performance stability

ITO/PEDOT:PSS/CH3NH3PbI3/CdSe-LiF/Ag 4.80 15.10 [184]

CdS Ensuring larger interfacial areas and higher  
electron mobility

ITO/CdS NRs/CH3NH3PbI3/spiro-MeOTAD/MoO3/Ag – 2.27 [185]

Larger grain PS layer with less surface roughness, 
Facilitating the charge transport, reducing the 

charge recombination by decreasing the surface 
traps

FTO/CdS/CH3NH3PbI3/spiro-MeOTAD/Ag – 8.36 [186]

Reducing charge-trapping effect FTO/CdS/CH3NH3PbI3/spiro-MeOTAD/Au – 12.20 [187]

Higher electron mobility and charge transport ITO/CdS/CH3NH3PbI3/spiro-MeOTAD/Au – 10.80 [188]

Perovskite deposition, light transmission, provided 
high mobility.

FTO/CdSNRs/CH3NH3PbI3-x Clx/spiro-MeOTAD/Ag – 12.46 [189]

Higher recombination resistance and efficient 
charge extraction in the interfaces

ITO/CdS/CH3NH3PbI3/Spiro-OMeTAD/Ag – 16.10 [190]

Enhanced electron extraction and transfer 
properties

FTO/CdS/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/
spiro-MeOTAD/Au

– 16.50 [191]

Green QDs Zn2SnO4 Facilitates efficient electron transfer and extraction 
in the derived devices along with introduction of 

extraordinary stability

ITO/Zn2SnO4-PCBM/Perovskite/NiOx/Ag – 17.70 [192]

SnS2/SnS Caused better energy level alignment (ELA) 
between electron transport layers (ETLs) and 

perovskite layers

FTO/SnS2/SnS/Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3/
Sprio-OMeTAD/Au

14.13 18.08 [175]

ZnSe Better separation of the carriers and increases 
carrier transfer efficiency to reduce the interface 

charge recombination

FTO/ZnO/ZnO@ZnSe/CH3NH3PbI3/Spiro-OMeTAD/Au 6.65 8.44 [193]

Enhanced electron transport ability and device 
stability

ITO/PTAA/FA0.9MA0.1PbI2.7Br0.3/C60/ZnSe/Ag – 18.38 [194]

High electron mobility, and reduced charge  
accumulation at the interface of ETL/perovskite

FTO/TiO2/ZnSe/CH3NH3PbI3/Spiro-OMeTAD/Au 13.76 18.57 [195]

In2S3 Optimized band structure, enhanced light tapping, 
high charge carrier injection and separation

FTO/TiO2/In2S3/CH3NH3PbI3/Spiro-OMeTAD/Au 15.70 18.22 [196]

Lower potential barrier for electron injection from 
the perovskite layer, higher electron mobility and 

electron extraction ratio at the In2S3/ CH3NH3PbI3 
interface, smaller contact resistance, and charge 

recombination.

FTO/TiO2/In2S3/CH3NH3PbI3/Spiro-OMeTAD/Au 15.88 18.83 [197]

Suitable band alignment, low resistance, and low 
recombination of photo-generated carriers at the 

interface of In2S3/CsPbIBr2

FTO/In2S3/CsPbIBr2/Spiro-OMeTAD/Ag 5.02 5.59 [198]
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degradation issues. These organic materials suffer from low 
hole conductivity because of their amorphous nature. There-
fore, different additives such as bis(trifluoromethane)sul-
fonimide lithium salt (LiTFSI),[217–219] 4-tert-butylpyridine 
(TBP),[220,221] and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt(III) bis(trifluoromethylsulfonyl)imide (FK209),[222–225] 
have been introduced by many scientists to enhance the elec-
trical properties of the hole transport material (HTM). The 
hygroscopic nature of these dopants, along with their ability 
to diffuse ions, not only deteriorates the long-term stability 
of PSCs but also increase the cost so much that the com-
mercialization of these PSCs seems impossible. Therefore, 
the development of dopant-free HTL has gained interest very 
recently.[206] In this regard, inorganic hole-transporting mate-
rials can act as an escape route in terms of stability and high 
cost. Inorganic HTMs have advantages of high intrinsic hole 
mobilities, low cost, and good stability. Inorganic HTMs have 
been less investigated due to the difficulty in the preparation 
of high-quality films via a simple and inexpensive method, 
and the PCE lags that of organic HTMs. An empirical four-ele-
ment golden law was formulated after a comprehensive sum-
mary and analysis of the reported results to guide the further 
design of dopant-free HTMs: 1) An ideal HTM should have 
a high hole mobility to avoid the use of dopants; 2) it should 
effectively extract and transport holes, which require a suitable 
energy level, high film quality, and optimized interfacial con-
tact; 3) it needs to be stable under thermal, optical, chemical, 
and environmental stresses; and 4) it should be cost-effective 
in terms of both the material price and production cost.[206]

Chalcogenides as Hole Transport Layer in Perovskite Solar 
Cell: The use of PbS as a hole transporting layer in PSCs has 
gained attention due to their superior hole extraction efficiency 
which can balance the important charge transfer process. The 
hole injection from CH3NH3PbI3 into PbS CQDs is favored 
by the shallow valence band edge of PbS CQDs compared to 
CH3NH3PbI3; and the device based on PbS hole transporting 
material showed an optimized PCE of 7.5% with its absorption 
extended to 1000  nm.[226] In another report, PbS was employed 
to construct a spiro-OMeTAD/PbS bilayer which exhibited a 
higher hole extraction efficiency than bare spiro-OMeTAD.[227] 
Employing the buffer bilayer resulted in an enhanced charge 
extraction process between perovskite and HTL, and a more  
balanced electron and hole transfer event to give an improved 
PCE from 17.4% to 18.0%. However, in a very recent report, the 
same approach has been able to increase the PCE upto 20.11%.[228]

Cd Chalcogenides as Hole Transport Layer in Perovskite Solar 
Cell: The contact between PSs and HTL has been improved 
by using CdTe QDs,[229] CdSe/CdS QDs,[230] and hybrid  
CdSe/CsPbI3.[82] The CdSe/CdS layer as the HTL proved to be 
quite effective for converting high-energy UV light into lower-
energy visible wavelengths, which improved the UV stability 
and device performance (higher Jsc and PCE, with a maximum 
efficiency of 20.7%) of the PSCs. Improved contact between 
the PS and HTL was demonstrated using CdTe QDs. Devices 
with CdTe QD-in-PS solid interlayer achieved a high efficiency 
(≈19.3%, averaged), which was attributed to the congeneric 
junction contact between the PSs and CdTe QD-in-PS layer. A 
PCE of 21% was achieved by employing hybrid CdSe/CsPbI3 
QDs as the HTL.

Green Quantum Dots (Free from Pb and Cd) as Hole Trans-
port Layer in Perovskite Solar Cell: Although p-type semicon-
ductors have been used in different solar cells for many years, 
their use in PSCs has not been properly explored. Cu-and  
Ni-based oxides have mostly been used in DSSCs and QDSCs 
to induce stability and reduce the commercialization cost. CuO, 
MoO3, and NiOx are inorganic HTLs that have shown excellent 
performance in fabricating stable and efficient PSCs.[231–235] 
Several QDs were found to be very effective in enhancing the 
PCE stability. The Cu1.8S modified HTL could enhance hole 
extraction at the PS/HTL interface and suppress carrier recom-
bination.[236] Other Cu-based QDs such as CuInSe2,[237,238] 
CuGaS2,[239] Cu2ZnSnS4,[240] Cu12Sb4S13,[241] and CsCu5S3 
(Figure 11A)[242] have been implicated in enhancing the hole 
transfer (Table 4). Recently, molybdenum disulfide (MoS2) and 
reduced graphene oxide (RGO) hybrids were used as the HTL 
and active buffer layer in mesoscopic methylammonium lead 
iodide PS (MAPbI3)-based PSCs. The MoS2 QDs anchored to 
the functional sites of RGO flakes effectively and collected the 
photogenerated holes (as well as block electrons) from MAPbI3 
toward the anode contact in the mesoscopic architecture, which 
resulted in better regulation of charge transfer and energy 
transfer processes for reaching the maximum PCE value 
of 20.12% (average PCE of 18.8%) (Figure  11B).[243] BPQDs 
were employed to increase the hole extraction rate with more  
efficient hole transfer and suppression of energy-loss recom-
bination.[244–246] Carbon and GQDs were used as the HTL in  
different PSCs.[247–249]

Perovskite Quantum Dots as Hole Transport Layer in Perovskite 
Solar Cell: The PSQD rich HTL over the PSs absorber layer was 
proven to be considerably efficient for extracting holes at the 
interface, which led to highly efficient PSCs with enhanced  
stability (Figure  11C).[166,250,251] Fabrication of FAPbI3-based 
bulk perovskite thin films with a Cs-rich surface using solu-
tion-deposition of Cs1−xFAxPbI3 alloy perovskite QDs not 
only improved the charge dynamics in the devices but also 
significantly enhanced the ambient stability of the FAPbI3-
based thin films and the associated PSCs to reach the PCE up 
to 20.82%.[250] Incorporation of an ultra-thin interfacial layer 
of inorganic CsPbBr1.85I1.15 perovskite quantum-dots showed 
potential regarding defect passivation at or near to the perov-
skite/HTM interface, which significantly suppressed interfacial 
recombination to produce hysteresis-free cells with the effi-
ciency beyond 21%.[251]

4.2. Quantum Dot/Perovskite Systems as LEDs

Organic semiconductors, metal chalcogenides, and colloidal 
semiconductor NCs have been considered next-generation 
materials; however, the introduction of highly luminescent PS 
nano/microcrystals with controllable dimensionalities and very 
narrow emission (full width at half maximum, FWHM ~ 20 nm) 
and high mobility completely changed the scenario.[252,253] 
LEDs based on solution-processable PSs have been applied in 
flat panel displays and solid-state lighting, and the past 5 years 
have witnessed unprecedented advancements in the field of  
PS-based LEDs.[254–256] Here, the interaction between halide PSs 
and semiconductor QDs has reported interesting outcomes. 

Adv. Optical Mater. 2022, 2102566
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A hybrid LED system can benefit from the good transport 
properties of halide PSs to increase the performance of NIR 
LEDs using PbS QDs as active emitters. The first report on 
an NIR LED based on PbS QDs embedded in a mixed halide  
MAPbIxBr3-x matrix gave an EQE of 4.9%.[257] The same group 
beat these results by reporting an EQE to 8.1% at 980 nm at a 
radiance of up to 7.4 W Sr−1 m−2 using a layered PS matrix.[124] 

The issues of luminescence efficiency, charge transport, and 
high power consumption have been overcome by embedding 
QDs in a high-mobility hybrid PS matrix, and this provides a 
long diffusion length to enhance the number of injected car-
riers that successfully diffuse to a QD with excellent passivation, 
which improves both fractions of these carriers that transfer 
into a QD and form QD-localized excitons that recombine  

Adv. Optical Mater. 2022, 2102566

Figure 11.  A) Device architecture and cross-sectional view of SEM images of PSC with a CsCu5S3 interlayer, and devices current density and PCE behav-
iors of pristine and of PSC with CsCu5S3 interlayer. Reproduced with permission.[237] Copyright 2021, Elsevier. B) Upper panel: Schematic of mesoscopic 
MAPbI3-based PSC exploiting MoS2 QDs:f-RGO hybrids as both HTL and ABL. Lower panel: Diagram of the energy band edge positions of the materials 
used in the different components of the assembled mesoscopic MAPbI3-based PSC, cross-sectional SEM image of a representative PSC device, I–V char-
acteristics of tested PSCs using MoS2 QDs, f-RGO, and MoS2 QDs:f-RGO as HTL. Reproduced with permission.[238] Copyright 2019, American Chemical 
Society. C) Illustration of the PSC device structure, cross-sectional SEM image of the fabricated device and J–V curves of the PSCs with and without 
Cs0.57FA0.43PbI3 QD modification (both reverse and forward scans). Reproduced with permission.[245] Copyright 2019, American Chemical Society.
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Table 4.  Effect of different QDs (as hole transport layer) on the photobehaviors and PCE of PS-based solar cells of different architectures.

Type of QDs QD Effect of the QD Device architecture PCE [%] Ref.

W/O QD With QD

Pb chalcogenides PbS Superior hole extraction and injection ITO/PbS/CH3NH3PbI3/PCBM/Al – 7.5 [226]

Increased charge transfer, improved device 
stability and photovoltaic performance

FTO/SnO2/PCBM/perovskite/spiro-OMeTAD/PbS/Au 17.4 18.0 [227]

Reduced carrier loss and improved carrier 
transmission performance

FTO/PCBM/perovskite/spiro-OMeTAD/PbS/Au 13.17 20.11 [228]

Cd chalcogenides CdTe Faster hole extraction at the interface due to the 
high hole mobility in CdTe

ITO/SnO2/MAPbI3/CdTe-QD/Spiro-OMeTAD/Ag 17.40 18.40 [229]

CdSe/CdS Improves the grain size and crystallinity leading 
to a longer carrier lifetime as compared to 

perovskite films

ITO/NiO/MAPbI3/CdSe-CdS/C-60/BCP/Ag 18.80 20.70 [230]

CdSe/CsPbI3 Serves as charge transport bridges and also as 
passivation materials

ITO/TiO2/MAPbI3/CdSe-CsPbI3/Spiro-OMeTAD/Au 14.0 17.10 [82]

Green QDs Cu1.8S Improve the hole mobility, conductivity, and 
stability of Spiro-OMeTAD hole transport layer

FTO/c-TiO2/m-TiO2/Ti3C2Tx QDs-Perovskite/
Cu1.8S-Spiro-OMeTAD/Au

18.31 21.64 [236]

CuInSe Facilitated the hole transport and protected the 
perovskite from moisture.

ITO/SnO2/Perovskite/CuInSe/Au – 13.72 [237]

Higher light transmission rate and conductivity 
of CISe film

ITO/CuInSe/Perovskite/PCBM/BCP/Au 7.18 8.59 [238]

CuGaS2 CuGaS2 QDs with lower surface defects, sup-
pressed the carrier recombination process.

ITO/SnO2/Perovskite/CuGaS2/Au – 17.56 [239]

Cu2ZnSnS4 Effective hole extraction and transfer properties 
of the CZTS QDs interface layer.

FTO/c-TiO2/m-TiO2/CsPbBr3/Cu2ZnSnS4/Ag – 4.84 [240]

Cu12Sb4S13 Enhanced light harvesting and outstanding hole 
extraction ability of the QDs

FTO/c-TiO2/m-TiO2/CsPbI3/Cu12Sb4S13/Au – 12.14 [241]

CsCu5S3 The QD interlayer is favorable for energy levels 
between the perovskite and HTM to reduce car-

rier recombination

ITO/SnO2/perovskite/CsCu5S3 interlayer/
Spiro-OMeTAD/Au

– 22.29 [242]

MoS2 Effectively collect the photogenerated holes (as 
well as to block electrons) from MAPbI3 toward 
the anode contact in mesoscopic architecture

ITO/c-TiO2/m-TiO2/MAPbI3/RGO-MOS2 interlayer/
Spiro-OMeTAD/Au

17.08 20.12 [243]

Black P QDs Nucleation assistance for the growth of large 
grain size perovskite crystals, fast hole extrac-
tion, more efficient hole transfer, and suppres-
sion of energy-loss recombination at the anode 

interface

ITO/PEDOT/BPQD/MAPbI3/PCBM/Au 14.10 16.69 [245]

The lone-pair electrons of BPQDs can induce 
strong binding between molecules of the CsP-

bI2Br precursor solution and P atoms stemming 
from the concomitant reduction in coulombic 

repulsion

ITO/SnO2/BPQD@CsPbI2Br/Spiro-OMeTAD/Au – 15.47 [246]

Carbon QD Accelerated carrier transport and suppressed 
carrier recombination due to the ameliorated 

band alignment, passivated defect states, 
improved hole mobility, and crystalline 

properties

FTO/cp-TiO2/mp-TiO2/MAPbI3-CQD/Spiro-OMeTAD/
Au

– 13.30 [247]

Graphene QD Improved grain size, stability and optimized 
band alignment

FTO/α-Fe2O3/MAPbI3-NSGQD/Spiro-OMeTAD/Au 14.0 19.20 [248]

Perovskite QDs Cs1−xFAxPbI3 Reduces the film hygroscopicity, thereby 
imparting ambient stability. Also favors more 

efficient hole extraction at that interface

FTO/SnO2/FAPbI3/Cs0.57FA0.43PbI3/Spiro-OMeTAD/Au – 20.82 [250]

CsPbBr1.85I1.15 Suppressed charge recombination, increased 
moisture stability

FTO/c-TiO2/ 
m-TiO2/Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3/

CsPbBr1.85I1.15/spiro-OMeTAD/Au

19.51 21.14 [251]
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radiatively. A type-I band alignment enables electrons and 
holes to be funneled efficiently from the matrix and confined  
in the QDs, which prevents exciton dissociation losses. Very 
recently, a report showed that CsPbI3 perovskite QD-in-matrix 
heteroepitaxial structures gave 12 times higher maximum lumi-
nescence (≈4700 cd m−2) and higher efficiency(≈18%) in QD-in-
matrix LEDs compared to the QD-only control (Figure 12A).[258] 
No electroluminescence shift was observed in QD-in-matrix 
LEDs along with a stupendous rise in the lifetime (The T50 at 
100  cd m−2 is estimated to be 2100 h for QD-in-matrix LEDs, 
whereas, the T50 of the QD-only device at ≈184 cd m−2 is merely 
25  min). Reduced gradient crystallization and suppressed 
halide segregation, enabled charge carrier transport to the dots, 

which lead to high performance QD LEDs that unite high effi-
ciency and high brightness with improved stability compared 
to prior perovskite reports. Mora-Seró developed pinhole-free 
CH3NH3PbI3 films embedded with PbS and PbS/CdS core/shell 
QDs for fabricating NIR LEDs with low turn-on potentials.[259] 
The strong interaction between the PSs and QDs generated the 
emission from the exciplex. This was indeed a valuable proof 
of concept for the coupling of these two important families of 
materials. Very recently, the same group demonstrated a simple 
method for preparing white-light-emitting diodes with tunable  
warm-cold emission (Figure  12B) based on QD colloidal 
solutions using mixed CQDs and CsPbI3 PSQDs.[260] The com-
bination of halide PSs and PbS QDs allows tuning emission 
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Figure 12.  A) Electroluminescence and operating stability of QD and QD-in-matrix LEDs. a) Luminance and current density, as a function of applied 
bias. b) Electroluminescence spectrum of a representative QD-in-matrix LED at different driving voltages. c) Relative luminance versus operation time 
at ambient condition (23–25 °C; relative humidity ≈ 30%), measured with a constant drive current and an initial luminance of 914 cd m−2 (QD-in-matrix 
LED) and 184 cd m−2 (QD-only LED). Reproduced with permission.[258] Copyright 2021, American Chemical Society. B) Electroluminescence spectra and 
their corresponding chromaticity diagram generated by the WLEDs based on 10-CQDs–X-PQDs colloidal solutions, X = 0.2, 0.5, and 1.5 at different 
operation voltages. Reproduced with permission.[260] Copyright 2018, Wiley-VCH.
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between the visible and NIR spectral regions via the applied 
voltage.[58]

Accessibility in the NIR region apart from the visible region 
attributed to the incorporation of QDs is a winning moment for 
PS-based LED devices. The careful choice of QDs passivates the 
surface defects (generally deep traps), impedes ion migration, 
and localizes the exciton migration to induce higher EQE.

4.3. Quantum Dot/Perovskite Systems as Photodetectors

Recently, photodetectors have received extensive attention 
because of their rapidly increasing use in biochemical detection, 
environmental monitoring, and optical communications.[261,262] 
PSNCs with outstanding optical and electrical properties show 
exceptional sensitivity to lower brightness and have a detection 
band in which photodetectors can efficiently detect light and 
dynamic range responses.[263,264] However, the development 
of PS-based broadband photodetectors is severely restricted 
because of their limited wavelength region up to 820 nm.[261,262]  
Incorporating NIR-absorbing QDs within PS films can success-
fully increase the detection limit. The Sargent group reported 
that field-emission QD (PbS)-in-PS (CH3NH3PbI2.5Br0.5) photo
diodes extended the PS response into the short-wavelength  
infrared and achieved measured specific detectivities 
exceeding 1012 Jones.[265] The mechanism of photocurrent gen-
eration in these systems is fascinating because of the presence of 
QDs.[265] Photogenerated excitons confined within the QDs in the 
presence of an external large electric field separate themselves  
and release the charge into the host PS matrix. The emitted  
electrons and holes are then extracted and reinjected at the 
electrodes, which results in a multiplicative (i.e., one exhibiting 
gain) photocurrent (Figure 13A). A 45-fold increase in photo
responsivity was observed at a 0.5  V reverse bias as photo-
generated charges in the QDs started to be emitted into the PS 
matrix.[265] Their field-emission solution-processed optoelec-
tronic architecture exploits a set of physical effects previously 
attained only through costly heteroepitaxy.[265] CH3NH3PbI3 
PS-PbSe QD hybrid phototransistors with a wide photodetec-
tion region ranging from 300 to 1500 nm have been developed 
with high sensitivity (R  = 1.2 A W−1), high carrier mobility 
(μn = 0.147 cm2 V−1 s−1 and μp = 0.16 cm2 V−1 s−1), fast response 
times (rise time: 2.5  ms and fall time: 3  ms), and excellent  
stability and reproducibility.[266] The ultra-broadband photo
detection, especially in the IR region with the help of 
CH3NH3PbI3 PS−PbSe QD heterostructures, has demonstrated 
great potential in designing cost-effective, solution-processed 
NIR photodetectors.[266] A tandem photodiode based on a bilayer 
of PbS QDs and CsPbBr3 PSNCs has been reported with detec-
tivities as high as 8 × 1010 Jones.[50] Phototransistors composed of 
a vertically stacked Au/PbS/CsPbCl3 architecture demonstrated 
excellent broadband photodetection of UV–vis–NIR.[267] The 
photodiode showed a remarkable responsivity of 3892 A W−1,  
a high detectivity of 3.29 × 1013 Jones, with a wide spectral pho-
todetection range of 300–1100 nm.[267] Solution-processed, high-
performance broadband (300–1100  nm) photodetectors based 
on double active layers incorporating narrow-bandgap CuInSe2 
QDs and halide PSs have been developed very recently.[67] The 
photoelectric conversion capacity was improved because of the 

joint light absorption effect of CuInSe2 QDs and the halide 
PS. The optimized photodetector exhibited responsivity over  
150 mA W−1 in the visible range and by more than 20 mA W−1 
in the near-infrared (800–1000  nm) range; specific detectivity 
of more than 7.0 × 1012 Jones in the visible region and 7.7 × 1011 
Jones in the near-infrared region; a transient response time of 
277  ns with the active area of 0.013 cm2; and a linear dynamic 
range of ≈75  dB (Figure  13B). Furthermore, the introduc-
tion of CISe QDs not only facilitated the correct separation of  
carriers, but also improved the air and thermal stabilities of the 
photodetector.[67] A hybrid HTM composed of CuInSe2 QDs 
and PEDOT:PSS was employed to enhance the performance of 
MAPbI3 PS-based photodetectors.[268] The resulting hybrid HTL-
based device was superior to the control device in the field of 
a larger ratio of photocurrent density to dark current density  
(4.1 × 106), broader LDR (132 dB), faster on-off switching proper-
ties (<0.02 s), higher photoresponsivity (240 mA W−1), and larger 
detectivity (≈1.02 × 1013 Jones). The extraordinary performance 
of the device can be ascribed to three reasons: I) Easy extrac-
tion of holes from the PS layer because of the complementary 
energy band structure of CuInSe2 QDs and PEDOT:PSS; II) 
CuInSe2 QDs increases the surface roughness of PEDOT:PSS, 
which serve as nucleation centers for the growth of PS crystals; 
and III) increase in charge collection at the active layer because 
of the excellent light-harvesting ability of CuInSe2 QDs. High 
specific detectivity (2.2 × 1012 Jones), a fast fall time of 236 µs, 
and an extremely low NEP (45 fW Hz−1/2) have been reported 
in another CuInSe2 QD-based hybrid PS photodetector.[68] The 
interfacial band offset between the MAPbI3 film and CuInSe2 
QDs extends the detection range of the photodetector in the NIR 
region.[68] Thus far, CuInSe2 QDs have been proved to be con-
siderably useful not only to broaden the spectral detection range 
of PS-based hybrid photodetectors but also to enhance their per-
formance and improve stability.[68] High-performance photode-
tectors based on CH3NH3PbI3 (MAPbI3)/CdS heterostructures 
demonstrated a maximum detectivity of 2.3 × 1011 Jones, along 
with a responsivity of 0.43 A W−1 measured at 730  nm.[269] A 
detectivity over 6 × 1013 Jones at a 2 V bias with a response time 
of 11.5 μs, an EQE of 4500%, and photoresponsivity of 15 000 mA 
W−1 has been reported for MAPbI3/PbS QD photodetectors, 
which exploits the trap-assisted charge injection process.[270]

The strategy of incorporating QDs in PSs has been found 
to be considerably useful for fabricating vis–NIR PS photo
detectors. The incorporated QDs sufficiently increased the 
rate of transport of the photogenerated carriers along with 
gate tuning. The underlying plan is to manipulate the con-
duction and valence bands of the PSs and QDs such that the 
photogenerated carriers can be successfully transferred to the 
conduction band of the QD with lower energy; the holes gener-
ated at the QD can easily be transported to the valance band 
of the PS. More efficient hole mobility, hole transfer, and hole  
collection at the electrode is key to the success of photodetectors 
comprising QD/PS systems.

5. Conclusion and Future Perspectives

This review highlighted a very new strategy for QD incorpora-
tion to increase the stability and efficiency of PS-based PVs and 
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optoelectronic devices. An exhaustive essay has been conducted 
on the progress made to date in this field. We elaborately  
discussed state-of-the-art solution-based synthetic strategies 
to shed light on the heteroepitaxy of defect-free interfaces 
between QDs and PSs. Then, we focused on deciphering the 
underlying electron and hole dynamics at the interfaces of the 
photoexcited hybrid materials. A detailed discussion on the 
renewable energy applicability of these QD/PS systems, such 
as absorber layers in solar cells, LEDs, and photodetectors, was 
presented. We believe that the critical outlook on the effect of 
QD incorporation in halide PS films on the effective charge 
carrier extraction and performance of PV and optoelectronic 

devices has been able to provide a considerably better under-
standing of the strategy.

Semiconductor QDs and metal halide PSs are some of the 
most promising materials that hold the key to a sustainable 
future. Both families of materials possess excellent optoelec-
tronic properties, which render them appropriate for PV and 
optoelectronic applications. Decades of extensive research on 
engineering non-radiative recombination pathways of con-
ventional QDs via playing with surface defects has enabled 
their application in commercial PV applications. However, 
the introduction of hybrid organic–inorganic PSs in 2012 
and all-inorganic PSs in 2015 completely stole the limelight 

Figure 13.  A) Schematic of trapping and eventual recombination of photogenerated excitons in perovskite layer through QDs, tunneling of carriers 
and operation of the field-emission QD/PS photodiode (upper panel). Lower panel elaborates the responsivity of the photodetector as a function of 
reverse bias and the photo response dynamics at 1 V reverse bias. Reproduced with permission.[265] Copyright 2017, Springer Nature. B) The architecture 
structure, the cross-sectional SEM image and the energy band diagram of the double-active layer photodetector based on lead halide perovskite and 
CuInSe2 QDs. Lower panel shows the time-dependent response of fresh photodetectors based on CuInSe2 QDs, perovskite, and double-active layer 
photodetector (at 0 bias voltage) to 850 nm on/off modulated light. The relationship between the current and the 850 nm modulated light intensity 
of devices based on CISe QDs, perovskite, and double-active layer photodetector in the air without encapsulation. Reproduced with permission.[67] 
Copyright 2020, Wiley-VCH.
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from QDs; further, they are now in the forefront in the com-
petition to be the next-generation PV material because of 
their broad absorption spectrum, tunable exciton binding 
energy, exceptional charge carrier mobility, and high absorp-
tion coefficient. A substantial improvement in the issues of 
surface defects and stability needs to be considered before 
making PS-based PVs commercially competitive because 
most research efforts focus on them aim to increase the effi-
ciency of the modules. To address these issues researchers 
deliberately couple the two most precious materials of our 
time. The strategic introduction of QDs within PS-based 
solar cells, LEDs, and photodetector devices enhanced their 
stability, efficacy and improved their light-harvesting proper-
ties. QDs (PbS or PbSe) with broad band gap tunability enable 
QD/PS hybrid systems to harvest low-energy (NIR) photons, 
which are totally restricted in sole PS systems. Besides these 
points, QDs can act as hole and electron transport materials, 
which accelerate charge carrier transfer and reduce charge 
recombination. The combination of QDs and PSs leads to 
some fascinating outcomes such as complementary light-
harvesting, pinhole and defect-free PS crystal formation, 
rapid charge carrier extraction, and efficient carrier transport, 
which are important for device performance augmentation. 
Further, it is very promising for the chemistructural effect 
of QDs embedded in the PS matrix in the phase stability of 
pure FA or FA-rich PSs; a significant improvement has been  
achieved in the long-term stability of the devices prepared 
with QD additives because it is the most important challenge  
currently faced by PSCs.

Although some exciting results have been published in 
this field, the PCE of QD/PS hybrid solar cells or LEDs has 
not reached the current record values of pure halide PSs. 
The reason is twofold: the lack of proper design of both the 
materials and device and intrinsic surface defects of QDs. The 
effectiveness of these synergistic hybrid materials depends 
on the efficient tunneling of the charge carriers in a uni-
directional manner and their light-harvesting ability. Thus 
far, the most studied synergistic combination in this field is 
MAPbI3 and PbS QDs, and very few new combinations have 
been tested, which is a significant reason for the restricted 
growth of this field. The introduction of different QDs with 
various bandgaps can improve the light-harvesting properties. 
The choice of QDs is crucial for matching lattice mismatch 
and energy alignment. The surface engineering of the QDs 
also needs to be addressed in future works as trapping defects 
accelerate charge recombination, which restricts charge trans-
port. Another major challenge is maximizing the synergistic 
benefit of the QD/PS system interface and band structure 
engineering.

Combining QDs with PSs has been so far proved to be an 
effective strategy for enhancing PV device performance and 
stability. However, considerable work must be conducted to 
achieve defect-free interfaces and manipulation of exciplex 
states between these two materials for advanced PV con-
figurations. A more critical understanding of photoexcited  
carrier generation, carrier extraction, carrier transfer, and  
carrier recombination processes in hybrid interfaces is yet to be 
revealed, which can guide us toward a much better PV perfor-
mance of these systems.
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