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others. QDs can be made from a single 
atomic species, like silicon, or compound 
semiconductors, such as Cd or Pb chal-
cogenides.[1,2] In the field of photovol-
taics, the most widely studied QDs are  
lead chalcogenides (PbX, with X = S, Se, Te),  
or most recently metal halide perovskite 
QDs. QDs are also widely used in lumi-
nescence-related applications, such as in 
light-emitting diodes (LEDs) and fluores-
cent biomarkers. In these applications, 
so-called core–shell QDs are often utilized, 
where cadmium chalcogenides with wide-
bandgap semiconductor shells are just one 
example.[3–5] QDs have also found their way 
into a few other technologies—InAs QDs 
have been used in solid-state lasers,[6] while 
PbS QDs—as CO2 catalysts.[7] The unique 
surface properties of QDs have even made 
their own field of study. Due to their small 
size, high percentage of atoms in a QD are 

situated at the surface—≈25% for a 2 nm QD, just to make an 
example.[8] The QD surface is commonly covered by passivating 
molecules called ligands, which may belong to various classes—
organic or inorganic, monodentate or bidentate, monoatomic or 
long-chained; these ligands can be used to functionalize QDs on 
demand, depending on their desired usage (Figure 1). No matter 
what their final application is, QDs must have one characteristic 
in common: the long-term stability, because all of the aforemen-
tioned applications rely on stable QDs whose lifetimes should 
surpass years in the best-case scenario. The motivation for such 
a long-term stability may be economic in nature, as it is the case 
of commercial-scale solar cells or light-emitting diodes (LEDs). 
For biological applications, stability is even more important, 
since degradation could mean generation of toxic by-products 
dangerous to the living organisms.

In this review, we will focus on the stability of colloidal 
quantum dot solar cells (QDSCs). This emerging photovoltaic 
technology has been researched for more than a decade and 
rapidly reached high power conversion efficiencies (PCEs), 
such as the 14% for a PbS or 16.6 % for a perovskite QDSC as 
reported recently by Kim et  al.[9] and by Hao et  al.,[10] respec-
tively. Unfortunately, even though the PCEs of QDSCs have 
been steadily increasing, the device stability remains at the 
lower end when compared to industrial standards. In many 
publications, the lifetime of the fabricated solar cells is tested 
in environments which avoid stress factors that are normally 
present in normal application. On top of that, many publica-
tions use a slightly different method to determine the stability 
of the cells, which complicates a direct comparison between 
different studies. Many advances have been made toward more 

Colloidal quantum dot solar cells (QDSCs) are promising candidates amongst 
third generation photovoltaics due to their bandgap tunability, facile low-tem-
perature ink processing, strong visible-to-infrared absorption, and potential 
for multiple-exciton generation. An unprecedented increase in power conver-
sion efficiency is reported for different types of QDSCs in the last few years, 
making them appealing for large-scale fabrication. The stability of QDSCs, 
however, still remains inadequate for industrial application, especially when 
they are operated under a sun-like illumination in an ambient atmosphere. 
This review focuses on three classes of QDs (lead chalcogenides, lead halide 
perovskites, and lead-free QDs) and considers the current understanding of 
their degradation mechanisms. For each material class, strategies for stability 
improvement are discussed, both from materials science and device engi-
neering perspectives. This paper concludes by suggesting a methodology 
for characterizing the QDSCs’ stability which would standardize the results 
obtained by researchers worldwide.
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1. Introduction

Nanocrystals of semiconducting materials have attracted the 
interest of investigators ever since their remarkable potential 
for optoelectronic applications was discovered. Once the size of 
nanocrystals is smaller than their corresponding Bohr exciton 
radius these materials are named quantum dots, due to the 
quantum confinement effect that determines their physical 
properties. These colloidal quantum dots (QDs), offer several 
useful characteristics: a size-tunable bandgap, narrow emis-
sion spectra, and ambient-air solution processability, among 

© 2021 The Authors. Advanced Energy Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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stable QDSCs in the past years, and these will be discussed in 
the following sections both from materials science and device 
engineering perspectives. Several principal QD materials will 
be covered separately: lead chalcogenide QDs, lead halide 
perovskite QDs, and lead-free QDs.

2. Lead Chalcogenide Quantum Dots

Lead chalcogenides are versatile semiconducting materials that 
have been used in optoelectronic devices since before the Second 
World War,[11] and were more recently used as a component in 
third-generation solar cells. QDs made from lead sulfide, sele-
nide, and telluride (PbX: PbS, PbSe, and PbTe) have properties 
that make them particularly useful as photovoltaic light har-
vesters. Due to their large Bohr radii and strong quantum confine-
ment effects,[12] PbX QDs have extensive interdot wavefunction 

overlap,[13] leading to superior electronic coupling. Their solu-
tion-based syntheses are relatively low-cost and scalable, and can 
be modified to produce QDs with a range of desired bandgaps. 
While this class of materials holds high potential for photovoltaic 
applications, their tendency to degrade in ambient conditions pre-
sents a significant challenge. In this chapter, we will discuss the 
causes of degradation of PbX QDs, both in the active QD layer 
and in other constituent layers. Then, some common strategies 
for improving stability of PbX will be presented.

2.1. Background and Material Properties

Of the three lead chalcogenides, lead sulfide (PbS) has been so 
far the most studied and successfully utilized in photovoltaic 
applications. Like PbSe and PbTe, it has a rock-salt cubic 
crystal structure. The bulk bandgap of PbS is 0.4  eV, which 

Figure 1. Sketch summary of several QD materials found in solar cell applications. Their optoelectronic characteristics are tuned by the core size/
composition and the surface ligand passivation. In the bottom left panel, EDT and OA stand for 1,2-ethanedithiol and oleic acid ligands, which are very 
common in solar cell applications. In the last panel, three typical pathways of QD degradation are shown.
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can be increased up to 2.3 eV by reducing the QD diameter to 
1.8 nm.[14] PbS bulk crystals were employed since the 1950s as 
the most common sensor material for infrared detectors.[15] The 
use of this material for QDSCs dates back to the early 2000s, 
with the pioneering work by McDonald et  al.[16] who incorpo-
rated them in solution-processed photovoltaics. Since then, the 
performance of PbS QDSCs has steadily increased to the most 
recent record PCE of 14% in 2020.[9,17,18] The most common 
way to synthesize PbS QDs is the so-called “hot-injection syn-
thesis,”[19] which involves the injection of bis(trimethylsylil) 
sulfide into a solution of lead oxide (PbO) and oleic acid, 
resulting in lead sulfide nanocrystals covered by oleate ligands.

Lead selenide and telluride are two other good options for 
QDSC materials. In fact, some of their properties make them 
potentially superior to PbS in the context of photovoltaic appli-
cation. For example, their larger exciton Bohr radii as compared 
to PbS (18  nm for PbS,[20] 46  nm for PbSe,[21] and 150  nm for 
PbTe[22]) lead to an increased electronic coupling and offer the 
possibility for multiple electron generation (MEG).[23] External 
quantum efficiencies of over 100% via MEG have already been 
demonstrated in lead telluride solar cells.[24] While PbSe and PbTe 
hold promise, their use in photovoltaics has been hindered by 

their much lower resistance to oxidative degradation as compared 
to PbS.[25] This higher susceptibility to oxidation stems from the 
reduced electronegativity of selenium and tellurium as compared 
to sulfur.[26–28] Utilizing these chalcogenides in photovoltaic appli-
cations therefore requires a more extensive approach in terms of 
surface engineering, as will be discussed in upcoming sections.

2.2. Degradation Factors

2.2.1. Active Layer Degradation

There are a number of reasons that contribute to the loss of 
performance in QDSCs, but the main cause of ambient deg-
radation of PbX QDs is surface oxidation.[25,27–30] Additional 
factors like ultraviolet and visible light exposure can accelerate 
the process of surface oxidation,[14,25] but have little effect on 
PbX QDs in an air-free environment.[31,32] Oxidation affects the 
electronic properties of PbX QDs primarily by shrinking the 
effective core size, while creating a shell of oxidative products 
on the surface (Figure 2a). The chemical composition of these 
surface products can include PbO and Pb(OH)2, with additional 

Figure 2. a) Evolution of the composition of a PbSe QD as it undergoes oxidation. Oxygen molecules bind to the surface, and within hours an oxide 
shell is formed, reducing the effective size of the core (and thus increasing the bandgap), and leading to partial detachment of ligands. Reproduced 
with permission.[32] Copyright 2010, American Chemical Society. b) Illustration of structural changes of a PbS QD in the process of ligand exchange with 
lead halides (PbX2) and sodium acetate (NaAc) using dimethylformamide (DMF) as solvent. The [111] facets consist of a single element, while the [100] 
facets have an alternating pattern of Pb and S. Ligands bind preferentially to the [111] facet, making this site more resistant to oxidation. Reproduced 
with permission.[39] Copyright 2019, John Wiley and Sons.
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SeO2, and SeO3
− in lead selenide,[33] and PbSO3 with PbSO4 in 

lead sulfide.[34,35] Surface oxidation has a contrasting effect on 
device performance depending on the duration of exposure 
to the ambient. In PbS-based QDSCs, it has been found that 
the thin layer of PbO created upon initial air exposure helps in 
slowing down the initial degradation or even shortly improving 
device performance.[35,32] This thin PbO shell blocks pathways 
for bimolecular recombination and leakage currents, while 
influencing the QD energy levels.[35,36,37] Conversely, this ini-
tial oxidation-assisted performance improvement has not been 
observed in PbSe devices. Since PbSe is much more sensitive 
to oxygen than PbS, this observation is not too surprising— it 
is likely that PbSe oxidation occurs too rapidly for any initial 
enhancement to be measurable. It has been shown that the 
short-term oxidative emission quenching in PbSe QDs can be 
reversed by placing them in an O2-free environment.[32] In the 
long-term, exposure of both lead sulfide and selenide to ambient 
air will produce similarly detrimental effects. Oxidative PbSO3, 
PbSO4, SeO2, and SeO3

− generate trap states.[27] The formation 
of these oxides will eventually lead to irreversible changes in 
their optoelectronic and electrical properties.[38] These changes 
are evidenced by a blue-shift in absorption spectra associated 
with an effective core shrinkage. The thickening of the oxide 
shell will first reduce the electronic coupling, and then prevent 
charge transfer altogether.[37] These effects will deteriorate the 
semiconducting nature of the QD layer, turning it largely into 
an insulator, and thus leading to a significant decline in perfor-
mance of a solar cell.

While oxidation is the main cause of ambient degradation 
of PbX QDs, there are several factors that can influence this 
process. Humidity can affect the stability through the binding 
of water molecules onto the QD surface and upon a long-term 
exposure can be detrimental to the solar cell performance. H2O 
does not react with surface constituents to create new prod-
ucts, but it can bind to the QDs’ surface via OH− groups. This 
binding can have a protective effect, particularly during device 
fabrication. The OH− groups can sterically block O2 molecules 
and temporarily slow down the oxidation.[35,40,41] Light exposure 
is another ambient effect, which is known to accelerate the loss 
of performance over time in PbX QDSCs. Interestingly, it has 
been found that light-induced degradation of solar cells can be 
reversed by storing them in the dark.[42] In colloidal PbSe QDs, 
UV irradiation can speed up the oxidation-induced blue shift 
of the first excitonic peak when the measurement is made in 
ambient air.[32] No UV-induced blue-shift was observed when 
the same experiment was performed in a N2 atmosphere, which 
implies that UV exposure does not cause degradation of PbSe 
QDs on its own, but rather accelerates the process of oxygen-
induced degradation.[32]

The severity of oxidative effects in lead chalcogenide QDs is 
largely influenced by their surface properties, which are related 
to their crystal structure.[43] PbX has a rock-salt cubic structure, 
where the [100] and [111] facets are especially of relevance.[44–46] 
The ratio of [100] facets to [111] facets on the QD surface plays 
a large role in the overall stability of the material, as these pos-
sess contrasting properties. PbX [100] sites are made up of a 
stoichiometric ratio of both Pb atoms and S, Se or Te atoms, 
arranged in a checkerboard-type pattern (Figure  2b). These 
[100] sites are fully coordinated and charge neutral. The [111] 

faces, on the other hand, consist entirely of a single element, 
i.e., either Pb or S/Se/Te. These PbX [111] facets are underco-
ordinated and possess dangling bonds, where ligands will bind 
preferentially. Surface quantification studies have shown that 
PbX QDs have an excess of lead atoms,[47,48] which is significant 
in terms of ligand binding. It was shown that the number of 
ligands in oleate-capped PbX QDs correlates directly with the 
amount of excess surface Pb, with one ligand for each excess 
surface lead atom according to Moreels et  al.,[49] or one oleate 
ligand for every two surface Pb, according to Katsiev et al.[50]

The size of PbX QDs also influences their degradation 
dynamics.[51–55] The smallest PbX nanoparticles often have an 
octahedral shape, which has a high ratio of [111] to [100] facets. 
As the dots grow larger, their shape evolves first into a trun-
cated octahedron, then eventually into a cuboctahedron, and 
the ratio of facets skews in favor of the [100] type (Figure  3). 
As ligands bind preferentially to the [111] faces of PbX QDs, a 
higher ratio of [100] sites leads to a less-dense ligand coating 
and a lowered oxidation resistance.[31,56,57]

Surface properties of PbX QDs may easily change even prior 
to their integration into solar cells. When stored in solution 
after the synthesis, the QDs have been shown to undergo a nar-
rowing of the size distribution.[58] This narrowing is driven in 
part by the different surface energies of the open-lying facets of 
PbX nanocrystals.[43,44] Early in the synthesis, small cluster-like 
particles are formed, which may later separate from the crystals 
they were attached to as they are dispersed and stored in a sol-
vent. The reason for this detachment can be either a mismatch 
between the crystal facets or a shape change of the crystals to 
the more energetically favorable [111] faces by shedding of small 
clusters. Another process that may occur when the QDs are dis-
persed in solution as a colloidal ink is the agglomeration of dots 
and their subsequent precipitation. Thus, the choice of organic 
ligands with a suitable length can greatly influence the steric 
hindrance between the dots and determine the colloidal sta-
bility of the ink. For example, the addition of a longer-chained 
hexylamine to a butylamine-only ink medium has been shown 
to enhance its stability.[59]

2.2.2. Degradation of Charge Extraction Layers in Solar Cells

While the previous section focused solely on the stability of the 
device active layer, one must consider that a photovoltaic diode 
is a stack of several functional layers. The extraction layers—
electron-transport layer (ETL) and hole transport layer (HTL) 
that sandwich the PbX active layer are not immune to the effects 
of degradation, and play an important role in determining the 
lifetime of the device.[60] To illustrate this, we will consider some 
common extraction layers used in PbX solar cells.

The ETL resides between the ITO electrode and the PbX 
QD film. The ETL can be made from the oxides of tin,[61] 
titanium,[62] or zinc;[63] where zinc oxide (ZnO) is the most 
common one to be used. While ZnO is far more air-stable than 
the PbX QDs, it may also be influenced by environmental fac-
tors. The synchronization between the ETL and the PbX layers 
must be fine-tuned, in terms of film smoothness, work func-
tions, and charge carrier recombination.[62,63] Any of these 
factors can affect the stability of solar cells, as was shown in 
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Kirmani’s study of ZnO ETLs modified with In2O3.[64] It was 
found that exposure of ZnO layers to UV irradiation shifts the 
material’s work function and increases carrier recombination, 
causing a loss of PCE over months. Adding an In2O3 layer ame-
liorated some of these effects, resulting in a remarkable main-
tenance in efficiency over time as compared to bare ZnO. The 
In2O3-treated device maintained 100% of its PCE after 5 months 
in air, while the control device maintained only 80%. After 5 h 
under continuous UV irradiation, the In2O3-treated device sus-
tained 80% of its initial PCE while the control device only 60%.

Another important factor in stabilizing PbX QDSCs is the 
interplay between the active layer and the HTL, which can be 
illustrated by using MoO3. When MoO3 is exposed to oxygen, 
its work function can shift, and in a device containing both 
MoO3 and PbS QDs, oxidation of MoO3 can in turn cause PbS 
to degrade. Specifically, a Schottky barrier is formed when the 
Fermi level pinning of the MoO3 is disturbed by oxygen, thereby 
affecting device stability without a direct material decomposi-
tion.[65] This phenomenon was confirmed by the introduction 
of the now-ubiquitous 1,2-ethanedithiol (EDT) as a ligand for 
EDT-PbS hole extraction layers.[34,66,67] It was found that omit-
ting MoO3 from the solar cells not only improved their perfor-
mance, but also their stability. Since then, the use of EDT-PbS 
layer as an HTL has become an important component in many 
record-setting solar cell devices.[68–71] Apart from introducing 
the EDT, Chuang et  al.[2] laid the focus on another peculiarity 
of a PbS QD cell, namely that its performance first improves 
after oxygen exposure and only then starts to decline. This may 
only in part be attributed to the aforementioned surface oxida-
tion, which initially reduces leakage and recombination. The 
improvement in performance also stems from an energy level 

interplay between the active layer and the EDT-PbS layer.[35] It 
has been shown that the respective energy levels shift under 
oxidation, which happens at unequal rates due to the different 
ligands used in each layer.[29,35,72] Additionally, the bandgap 
of the QD film increases with progressing oxidation, due to 
the quantum confinement effect. This creates an interesting 
sequence of events in the energetic landscape of the solar cells. 
First, electron blocking through the EDT is improved via an 
increase in barrier height. This is followed by PbS QD decom-
position within the EDT layer, resulting in a decrease in charge 
transport and the ultimate demise of the device (Figure 4).[35]

The use of EDT in solar cells has not changed much in the 
last years, mainly due to the unique properties of this molecule. 
EDT possesses two SH- groups, so it can fold itself to bind 
twice to the surface of the QD.[41] If both -SH groups bind to 
the QD, desorption of hydroxyl ions will occur, leading to an 
improved QD surface. This dual thiol binding is unfortunately 
difficult to control in practice, which is apparent in the wide 
variation in performance between devices employing the same 
structures. Efforts to replace the EDT layer have been made 
through choosing different ligands or introducing an addi-
tional layer.[73–76] For example, inserting an ultrathin NiO layer 
between the EDT and the gold electrodes strongly enhances the 
stability of the solar cells, which maintain 95% of their initial 
performance after heating to 80 °C for 2 h.[77] Alternatively, one 
can reduce the number of access sites for oxygen absorption 
by using a different size of PbS QDs in the EDT layer versus 
the PbX active layer.[78] A particularly promising route to replace 
EDT was recently suggested by Biondi et al., who used malonic 
acid instead of EDT, leading to an increase in the photovoltaic 
performance and device stability.[79] Another approach is based 

Figure 3. The relationship between PbS QD size, morphology and facet ratio: a) the shape of the dots depending on their size. Smaller dots, pictured 
here as 3 nm and under, have an octahedral shape and a high ratio of surface [111] facets. Larger dots, roughly 4 nm and above, have a cuboctahedral 
structure and a larger ratio of [100] facets. b) the surface for the two different shapes of QDs. Reproduced with permission.[55] Copyright 2018, Elsevier.
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on the replacement of the EDT-QD layer by an organic HTL, 
such as polythieno[3,4-b]-thiophene-co-benzodithiophene 
(PTB7) or triisopropylsilylethynyl (TIPS) derivatized benzo[1,2-
b:4,5:b′]-dithiophene (BDT).[80,81] While this approach showed 
promising results, the stability of the transport layers needs to 
be improved further.[82–88]

Another interesting passivation route involves the introduc-
tion of a layer of carbon nanotubes between the EDT layer and 
the gold anode, as reported by Salazar-Rios et al.[74] in 2018. It 
was found that a single-walled carbon nanotube (SWCNT) layer 
significantly improved cell stability under illumination, which 
maintained 85% of its initial PCE after 105 h of continuous 

Figure 4. a) Degradation of PbS QDSCs in different environments under constant one-sun illumination. b) Changes in the energy landscape of a PbS QDSC 
with an EDT extraction layer during operation in an oxygenated environment. In the pristine state (before oxygen exposure) surface traps are present, so 
charge recombination between dots is uninhibited and leakage pathways remain open. Phase I occurs upon initial exposure to oxygen and light and lasts for 
several minutes. Oxidation of the surface creates a beneficial thin shell around the dots, preventing bimolecular recombination. During this phase, the per-
formance of the cell increases. In Phase II, the EDT-covered dots degrade quickly, which increases the bandgap of the electron blocking barrier between the 
active and the extraction layer, enabling efficient blocking. The performance increases again in this phase, which lasts for a few hours. Phase III brings the 
degradation of the device, and occurs after a period of hours in air. Degradation of the extraction layers continues until the material itself decomposes. This 
negates any photovoltaic electronic properties and the device stops working. Reproduced with permission.[35] Copyright 2019, Royal Society of Chemistry.

Adv. Energy Mater. 2021, 11, 2003457
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light soaking in ambient air. This was in sharp contrast with the 
control device, which retained only 25% of its initial efficiency 
(Figure 5). Similar tests performed in a N2 environment showed 
no additional benefits for the stability of the SWCNT-modified 
cells, which suggests that this layer served as an efficient bar-
rier against oxidation. In general, the choice of stable extraction 
and electrode layers is one of the main methods to improve the 
stability of the overall device. For QDSCs, an improved passiva-
tion of the QD surface is another way to enhance their stability, 
which will be covered in the next section.[89]

2.3. Strategies for PbX QDSC Stability Enhancement

A common approach to enhance the oxidation resistance of 
PbX QDs is their surface passivation via halides. This approach 
relies on the binding of halide ions to the Pb atoms on the 
surface, thereby reducing the number of sites where O2 can 
adsorb (Figure 6). Halide passivation can be performed either 
in situ or postsynthesis, that is, either during the QD synthesis 
or afterward. One popular route of in situ passivation for solar 
cells is via cation exchange between CdSe and PbCl2.[26,90–92] 
Instead of synthesizing PbSe QD directly, CdSe QDs are treated 
with PbCl2, leading to an exchange of cadmium cations to lead 
cations. This results in PbSe QDs with chloride-passivated Pb 
sites, and has the added benefit of passivation of the Se sites 

by cadmium. This method has also been used by Kim et al.[93] 
using ZnSe instead of CdSe. ZnSe has the ability to exchange 
cations both with PbI2 and PbBr2 in addition to PbCl2, while 
CdSe is limited to PbCl2. This offers a greater flexibility in 
choice of materials, since iodide and bromide can be used in 
addition to chloride. Nonetheless, the ZnSe route is not used as 
often as CdSe one, possibly because Zn does not seem to have 
the same passivation-enhancing properties as cadmium.[94] A 
more direct approach to cadmium chloride passivation is based 
on the injection of a solution of CdCl2 into the reaction solution 
just after the QD growth period is completed. This approach 
was demonstrated for both PbSe and PbTe solar cells.[25,54]

Halide treatments may also be implemented after QD syn-
thesis, either in a solution-phase or through the solid-state 
ligand exchange. One of the earliest successful attempts to 
utilize halide passivation was reported by Bae et al.[95] in 2012, 
where it was demonstrated that PbSe QDs treated with mole-
cular chlorine were more air-stable than those without treat-
ment. Further studies revealed that other halides could also be 
used for PbSe QD passivation. A noteworthy example for this 
was reported by Zhang et al.[96] in 2015. The authors performed 
a comparison between oleate-capped PbSe QD films passivated 
with tetrabutylammonium salts of Cl, Br, I, or F. Absorption 
spectra (Figure  7) have shown that the tetrabutylammonium 
fluoride treated film deteriorated within several hours, which is 
in agreement with other unsuccessful attempts to use fluoride 

Figure 5. Performance evolution of a PbS QD-EDT device under constant solar illumination for 105 h. a) IV-curves of a device modified by a thin layer 
of SWCNT between the EDT layer and the gold anode (black) versus a control device (red). b) The corresponding PV parameters plotted over time. The 
SWCNT layer blocks the accessibility of the QDs layers by oxygen, thereby prolonging the device lifetime. Reproduced with permission.[74] Copyright 
2018, John Wiley and Sons.
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Figure 6. Illustration of the effects of oxidation and passivation on a PbSe QD. a) All Pb [111] facets are shown fully covered by oleate ligands, which 
protects the PbSe [111] from oxygen via steric hindrance. Three of the four [100] facets are passivated by lead halides, with Pb atoms blocking the Se 
[100] sites, and halide atoms blocking the Pb [100] sites. b) The right-hand [100] facet is shown unpassivated. Oxygen reacts with selenide to produce 
an undesirable oxide layer, depicted in gray and mint green. Reproduced with permission.[53] Copyright 2014, American Chemical Society.

Figure 7. Time evolution of the absorbance of the PbSe QD thin films fabricated with five different ligands upon exposure to air. a) Summary of  
shifts in the first exciton peak position of the samples over time; the inset compares the peak width of PbSe−Cl, PbSe−Br, and PbSe−I after 90 days. 
Absorbance evolution of b) PbSe−EDT, c) PbSe−F, d) PbSe−Cl, e) PbSe−Br and f) PbSe−I. Reproduced with permission.[96] Copyright 2015, American 
Chemical Society.
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as a passivation agent.[53] On the other hand, Cl−, Br−, and I− 
passivated films showed only a slight blue-shift after five days, 
and their first excitonic peak was maintained for more than 
90 days. The tetrabutylammonium iodide (TBAI)-treated films 
were found to be most stable, showing the lowest degrees of 
peak broadening and blue-shift. Zhang et al.[97] also found that 
iodide led to a superior passivation in their comparison of PbSe 
QDSCs using TBAI, cetyltrimethylammonium bromide, EDT 
or 3-mercaptopropionic acid (3-MPA) as ligands. A subsequent 
study by Lin et  al.[69] reinforced the finding that iodide is the 
best halide for PbX QD passivation. In their study of solution-
phase lithium halide salt passivated PbX QDs, the PbSe-LiI 
dots exhibited the highest photoluminescence quantum yield 
(PLQY). Further studies also reported iodide as a superior pas-
sivating agent. Crisp et  al.[98] found that PbI2 gave a superior 
passivation to PbCl2, and Lan et  al.[99] showed an improved 
device performance with a molecular I2 treatment. Such a supe-
rior passivation of I-treated PbX QDs as compared to other hal-
ides can be explained by hard and soft acid/base theory, which 
predicts that iodide has stronger bonding with Pb2+ than chlo-
ride or bromide.[54,69,96] Recently, Choi et  al.[89] demonstrated 
that the stability of iodide-treated PbS QDs could be greatly 
improved by incorporating potassium iodide (KI) into the 
ligand exchange solution. The PbS-KI-PbI2 device maintained 
83% of its PCE after 300 h of continuous light soaking, while 
the PbS-PbI2 control device dropped to 75% of its initial PCE 
after only 50 h. Similarly, Marshall et  al.[94] investigated PbSe 
solar cells treated with an assortment of metal chloride salts 
and found that a postsynthetic CdCl2 treatment resulted in a 
larger stability improvement than treatment with chloride salts 
of Na+ , K+ , Zn2+ , Sn2+ , Cu2+ , or In3+. The CdCl2-treated solar 
cells maintained at least 70% of their initial PCE after 200 days 
in air. These reports suggest that metal halides are particularly 
promising for passivation of PbX QDs.

PbX QD passivation is not limited to the use of halides. Woo 
et  al.[100] had achieved good results with oleate-capped PbSe 
QDs passivated by phosphonic acids.[100] Their approach was 
based on simply replacing a common selenide precursor, trioc-
tylphosphine selenide, with tris(diethylamino)phosphine sele-
nide (TDPSe). Absorption spectra of a dispersion of passivated 
dots in tetrachloroethylene maintained their peak positions 
after three weeks in air. These dots were utilized in field-effect 
transistors, but this approach may also be worth exploring in 
the context of photovoltaic applications. Hughes et al.[28] studied 
PbSe QDs passivated by an alkylselenide ligand, and found out 
that while short-term oxidative resistance was increased, these 
ligands themselves introduced additional trap states.

Selenide and telluride-based PbX QDSCs are more sensi-
tive to oxygen than their sulfide-based counterparts, so that 
producing stable devices presents a far greater challenge. 
Better progress has been made on PbSe QDSCs than on the 
PbTe ones, with the former being successfully fabricated in air 
by Zhang et  al. in 2014.[26] Similarly to PbS QDs, PbSe QDs 
were passivated in situ by using various lead halides as precur-
sors. The same group also utilized cadmium chloride for the 
passivation of PbSe QDSCs and established the CdSe-to-PbSe 
ion-exchange method, which has since been adapted by many 
other groups.[29] The reported solar cells retained 66% of their 
photovoltaic performance after 4 days, with PCE decreasing 

from an initial value of 6% down to 4%. Subsequent efforts 
devoted to PbSe QDSCs resulted in steady improvement in 
their performance and stability. It has been found that perov-
skites can be used postsynthesis in PbSe QDSCs as a source of 
halide ions,[91,101] or as a performance-enhancing back layer.[90] 
The advantage of using perovskites instead of halide salts as 
a source of Br- and I− ions is that they are less likely to cause 
QD agglomeration, which can then lead to long-range dis-
order.[91,102] In the last few years, many studies demonstrating 
PbSe QD solar cells with efficiencies above 10% have been 
reported—all using diverse synthetic routes and surface treat-
ments. Hu et  al.[92] reported that photovoltaic devices with 
I2-passivated PbSe QDs and a PCBM/SnO2 ETL can reach 
maximum PCE of 10.4%. Their sturdiest cell had a 9.9% PCE 
that retained 95% of its initial efficiency after 30 days in air. The 
most efficient PbSe QDSCs were reported by Ahmad et  al. in 
2019,[103] with an initial PCE of 10.68%. PbSe QDs used to make 
those cells were first passivated in situ by Cd2+ and Cl− through 
a cation-exchange scheme, and then further treated by a ligand 
exchange with PbI2. This double-passivation strategy yielded 
devices with excellent air and light stability: the best cells kept 
94% of their initial efficiency after 30 days in air, and 96% of the 
initial PCE after 8 h of continuous light soaking.

There are only a few reports on PbTe QDSCs, probably 
because telluride is even more oxygen-sensitive than sele-
nide,[104] so that it is ostensibly more difficult to handle and 
to passivate it. Few available publications on PbTe QDSCs 
report rather low PCEs (under 2%).[24,54] However, PbTe has a 
high potential for multiple exciton generation, and an EQE of 
122% has been demonstrated in a PbTe QDSC.[24] Liu et al.[105] 
reported a method to reduce oxidation of oleate-capped PbTe 
QDs by introducing benzene derivatives to the surface, but 
the effectiveness of this treatment in solar cells has yet to be 
investigated.

To increase the stability of lead chalcogenide QDSCs, all the 
aforementioned improvements have to be considered in the 
context of a multilayered photovoltaic device stack. The var-
ious device layers are not independent and can influence the 
stability of each other, e.g., by material migration or chemical 
reactions at the interfaces. On the other hand, certain device 
layers can be utilized to improve device stability. For example, 
metal oxide extraction layers absorb ultraviolet light, which 
normally accelerates the material degradation.[17] This suggests 
that diverse types of device architectures (for example, p–i–n 
vs n–i–p structures) needs to be investigated in the search for 
more stable solar cells. Furthermore, integration of imperme-
able layers or encapsulation of devices with water and oxygen 
repellent materials should be further studied, since they can 
increase the lifetime of the QDSCs.[106]

3. Lead Halide Perovskite Quantum Dots

Lead halide perovskites have been widely investigated as active 
materials for solar cell applications. Perovskite-based solar 
cells reached a recent record efficiency of 25.5%,[18] which 
places them on par with other well-established photovoltaic 
technologies. Perovskites are considered excellent materials 
for solar cells due to their direct bandgap (Eg  = 1.5–1.6  eV), 
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long charge-carrier diffusion lengths and high charge carrier 
mobility. Colloidal nanocrystals (QDs) of lead halide perovskites 
offer additional benefits in terms of both phase stability and 
bandgap tunability.[107] Perovskites are also often thought of as 
being “defect tolerant,” meaning that their intrinsic defects do 
not act as electron/hole trap states.[108] This advantageous prop-
erty is not observed in conventional II–VI, III–V, and IV–VI 
semiconductor QDs, making perovskite QDs unique in their 
innately low density of traps. This low density of defects renders 
electronic surface passivation with ligands or wider bandgap 
materials a less stricter requirement.[109] While colloidal perov-
skite QDs exhibit significantly enhanced phase stability at room 
temperature in comparison with their bulk counterparts,[110] 
much remains unknown about their degradation mechanisms. 
In fact, the long-term stability of halide perovskites and photo-
voltaic devices based thereon, in particularly under operation, 
has emerged as the most urgent problem confronting the 
perovskite research community. Many factors lead to the deg-
radation of perovskite materials, such as exposure to higher 
temperatures, illumination, oxidizing environments, and espe-
cially to a humid environment. To tackle this issue, significant 
efforts have been invested by the scientific community, which 
have been thoroughly documented for polycrystalline thin-
film perovskites elsewhere.[111,112] In this chapter, we will dis-
cuss the current efforts to enhance the stability and durability 
of perovskite-based QDSCs (PeQDSCs), mainly in view of two 
commonly used fundamental strategies. The first one focuses 
on the improvement of the intrinsic stability of perovskite 
QD materials, which can be accomplished by i) compositional 
engineering, ii) producing heterostructures, iii) proper choice 
of perovskite QD surface ligands during the synthesis, and 
iv) dimensionality control. The second strategy focuses on the 

optimization the PeQDSC devices in order to protect the active 
absorber perovskite layer from the external environment, for 
example, by optimizing deposition procedures and employing 
specific device architectures. In the following sections, the fun-
damental causes of degradation of perovskite QDs will be con-
sidered, and the above-mentioned strategies to overcome these 
pathways will be outlined.

3.1. Background and Material Properties

Perovskite QDs (PeQDs) possess a general ABX3 stoichiom-
etry, which is composed of a backbone of corner-sharing [BX6]- 
octahedra, with cuboctahedral voids occupied by A cations, as 
shown in Figure 8a. Organic–inorganic (hybrid) halide perov-
skites have the following components: the monovalent A-cation 
is either methylammonium (MA), formamidinium (FA), or 
guanidinium (GA); the divalent B-cation is mostly lead (Pb), 
but can also be tin (Sn), or germanium (Ge); and the X-anion is 
chlorine, bromine, iodine, or a combination of those. All-inor-
ganic halide perovskites differ in that their A cation is either 
cesium (Cs) or rubidium (Rb).

In what is often cited as the first attempt to integrate lead 
halide perovskites into photovoltaic devices, a material synthe-
sized from CH3NH3I and PbI2 was used as a light absorber in 
a titanium dioxide (TiO2) based device with a PCE of 3.8%, as 
reported by Miyasaka’s group at 2009.[113] The low efficiency 
of those devices was due to a low current density of the dye-
sensitized architecture, which later was solved by taking advan-
tage of the high electric conductivity of lead halide perovskite 
thin films. The performance of planar perovskite solar cells 
has since improved to a record PCE of 25.5%.[18] Unfortunately, 

Figure 8. a) Illustration of ABX3 crystal structure of lead halide perovskites made of corner sharing octahedra with void filling (in)organic cations. 
b) Thermodynamical phase transitions of CsPbI3 crystals: The strongly absorbing black α-phase is the optimal one for photovoltaic applications, which 
has a transition temperature of 360 °C. At lower temperatures the cubic symmetry is broken and, even though the film appearance is still black, the 
perovskite unit cells are distorted and receive the names β- and γ-phase. The next phase, the δ-phase, transitions at 25 °C and its appearance is yellow. 
Reproduced with permission.[118] Copyright 2015, American Chemical Society.
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the presence of an organic cation tends to cause degradation 
under common external conditions, such as electric fields, 
moisture, photo-oxidation, and UV irradiation which trigger a 
nonreversible degradation process. For example, the solar cells 
may become transparent due to the formation of PbI2 after the 
volatile MA and iodine species react under atmospheric condi-
tions. Even prior to material decomposition, exposure to these 
factors may lead to the formation of defects, which act as traps 
and cause hysteretic effects and consequent deterioration of the 
photovoltaic performance.[114]

To avoid the more unstable perovskite constituents such 
as MA and iodine, they may be—at least partly—replaced by 
other organic cations or halides. Due to the large ionic radius 
of iodine, the binding strength of iodides is small compared 
to halides with reduced radius and therefore it is more prone 
to migrate inside the crystal or react with the environment.[115] 
For instance, FA and bromine or chlorine can be used in order 
to boost the stability of PeQDSCs. Alternatively, it is possible 
to employ a purely inorganic composition, thus eliminating 
the easily degradable organic components. Such inorganic 
perovskites, i.e., CsPbX3 (with X = I, Br or Cl), are particularly 
promising in terms of their thermal stability, and more impor-
tantly, can eliminate concerns about the volatility of MA. It is 
well-known that the crystal structure has a direct impact on 
device performance and is also directly linked to the absorp-
tion characteristics of the materials. CsPbX3 crystallizes in sev-
eral polymorphs in the perovskite lattice: α, β, γ, δ, as shown 
in Figure  8b on example of CsPbI3.[116] The cubic α-CsPbI3 
black phase, which is ideal for strong light absorption in the 
visible range, is thermodynamically unfavorable. This black 
phase degrades into an undesired wider bandgap orthorhombic 
yellow δ-phase quickly under ambient conditions. This makes 
device fabrication very challenging since the δ-phase tends to 
form during annealing and exposure to humid ambient condi-
tions.[117] The black-to-yellow phase transition process can be 
traced back to the distortion between connected [BX6]4- octa-
hedra in the ionic crystal structure. The cubic α-phase CsPbI3 
experiences transformation to β-phase at 260 °C and γ-phase at 
175 °C, exacerbating distortion between connected [BX6]4− octa-
hedra before finally reaching the δ-phase, which is in principle 
a successive and reversible process under stimuli of different 
temperature.[118]

By reducing the size of the crystals to the nanometer regime, 
the reduced surface energy helps in stabilizing the CsPbX3 
perovskites in the form of PeQDs. The cubic phase of CsPbI3 
becomes more stable when the nanocrystal size is decreased.[119] 
In 2016, Swarnkar et  al. reported on the synthesis of a series 
of CsPbI3 QDs with varying sizes (8–16  nm),[120] using the 
hot-injection method adapted from early work by Protesescu 
et  al.[121] To incorporate these QDs in solar cells, their long, 
insulating ligands should be removed and this process is dif-
ferent in case of anionic (oleate) and cationic (oleylammonium) 
ligands. The former can be removed by using dry methyl acetate 
(MeOAc) as an antisolvent, after each layer of QDs is deposited 
via layer-by-layer approach leading to thin films with efficient 
charge transport.[122,123] The latter can be removed by forma-
midinium salts.[124] Both approaches have been investigated in 
PeQDSCs, leading to a record efficiency of 16.6%. These devices 
were fabricated using a cation-exchange strategy that allowed a 

controllable synthesis of Cs1−xFAxPbI3 QDs across the entire 
compositional range (0 ≤ x ≤ 1), which is not easily accessible in 
polycrystalline perovskite thin films.[10]

3.2. Compositional Engineering at the A, B, and X Sites  
of Perovskite Quantum Dots

The rules that govern the formation of the perovskite crystal 
structure were outlined by Victor Goldschmidt, who in 1926 
introduced his namesake tolerance factor[125]

= +
+

A X

B X

t
r r

r r
 (1)

where rA, rB, and rX are the ionic radii of the respective ions 
in the ABX3 structure. In general, stable perovskite structures 
are able to form when the tolerance factor is within the range 
of 0.76–1.13, while other perovskite-related structures are stable 
outside this range. As was pointed out in the previous section, 
it is difficult to thermodynamically stabilize the cubic phase of 
perovskites. This becomes even more complicated when the 
void filling cations between lead halide octahedra are exces-
sively large or small. The Goldschmidt tolerance factor can 
serve as an estimate guide for the choice of the correct cations 
for each perovskite composition. Perovskites at the edge of the 
tolerance factor requirement, such as FAPbI3 (t ∼ 1) and CsPbI3 
(t  ∼ 0.8), easily undergo a phase transition at room tempera-
ture to the more stable hexagonal and orthorhombic phases. 
For this reason, changing the tolerance factor by adjusting the 
cations and/or halides in perovskites has become an important 
strategy to not only tune their electronic properties, but also to 
enhance their stability.

One example for such a compositional engineering approach 
is based on the formation of mixed halide PeQDs, which can 
be obtained by simply mixing colloidal solutions of different 
compositions under ambient conditions, for example, CsPbI3 
and CsPbBr3 QDs. The resultant mixed halide materials, such 
as CsPbI2Br, exhibit superior structural stability in the cubic 
phase than their full-iodide CsPbI3 counterparts. At the same 
time, the introduction of bromine anions in the PeQDs leads 
to a blueshift of their bandgap,[126,127] making them of particular 
interest for either semitransparent or tandem solar cell applica-
tions. Such mixed halide compositions have been explored as 
active layers in solar cells, leading to high VOCs of ≈1.3 V,[126,127] 
and most importantly, a retention of 90% of their initial PCE 
after 40 days air storage without encapsulation, making them 
significant more stable than their CsPbI3 counterparts. Ghosh 
et  al. have shown that the enhancement in stability depends 
on the fine-tuning the iodine to bromine ratio, demonstrating 
that CsPbBr1.5I1.5 had superior ambient stability to CsPbI2Br 
PeQDSCs.[128] It is noteworthy, however, that light-induced 
halide segregation was observed in photostability tests with the 
consecutive loss of VOC.[129,130]

In contrast to X-site alloying, A+ cations were shown to have 
the largest influence on the overall PeQD stability. For example, 
a partial substitution of FA by Cs via a postsynthetic cation 
exchange can significantly enhance the thermal stability of the 
PeQDs (Figure  9a). Another example is shown in Figure  9b 
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that demonstrates how the Goldschmidt tolerance factor can be 
tuned by changing the composition of Cs1-xFAxI3 PeQDs. Cor-
respondingly, the cubic phase of CsPbI3 QDs can be stabilized 
upon addition of FA cations to the nanocrystals which yield not 
only efficient, but more importantly, air-stable devices under 
room temperature.[10,131]

Metal ion doping at the B site of perovskite QDs represents 
yet another effective route to tune their stability and is addi-
tionally motivated by the possibility to replace the toxic lead in 
PeQDs. However, one should be aware that the substitution 
of Pb cation is more difficult than ions at the A- and X-sites, 
since the B cation directly determines the size of [BX6]4- unit 
cell. This can trigger the tilting of neighboring [BX6]4- octa-
hedra and generate an undesired lattice strain. There have been 
several reported attempts to dope perovskite QDs by incorpo-
rating isovalent cations (e.g., Sn2+, Mn2+, Sr2+, Cd2+, Ca2+, Zn2+, 
Ge2+),[132–142] with the goal of improving both luminescence 
efficiency and stability. However, the majority of these studies 
stopped at colloidal solutions as their final step, or the PeQDs 
were utilized solely in LEDs. Improved structural stability via 
B-site doping in PeQDSCs has been demonstrated only in a few 
cases. For example, Mn2+ doped CsPbCl3 PeQDs were used as 
an energy-down-shift layer in planar perovskite solar cells for 
an increased performance and stability.[137] Using GeI2 together 
with PbI2 resulted in a Pb-depleted and iodide-rich surface 
environment, which enhanced both the colloidal and the 
photovoltaic stability.[138] Shi et  al. stabilized CsPbI3 QDs with 
the assistance of guanidinium (GA+), which was previously 
considered too large for the 3D perovskite structure.[143] Conse-
quently, the GA-matrix-confined CsPbI3 QDs exhibited remark-
ably high charge mobility and diffusion length as compared to 
the undoped CsPbI3 QDs, leading to photovoltaic devices with a 

maximum efficiency of 15.2%.[144] Therefore, tailoring the struc-
tural stability of PeQDs by incorporation of suitable dopants 
remains a topic with high potential.

3.3. Heterostructures

Heterostructured nanocrystals often consist of a core and a pro-
tective shell with many well-known examples such as CdSe/CdS 
core–shell structures.[145,146] However, the formation of core–
shell nanocrystals based on PeQD cores is complicated, due to 
the need to create a heterostructure between an ionic crystal 
(perovskite) and an atomic crystal (alloy semiconductor).[147] 
Still, such structures can be designed as is illustrated by the 
example of CsPbI3/MgxZn1−xTe QDs proposed by Zhang 
et  al.[147] It is expected that such heterostructures can prevent 
ion migration inside the PeQD solid when an electric bias is 
applied at the outer electrodes, thus enhancing their stability.

On the other hand, the excellent match in the lattice con-
stants of lead chalcogenides with those of perovskites offers 
the possibility to form a range of core–shell heterostructures. 
As an example, the lattice matching of the crystal structures of 
MAPbI3 and PbS is shown in Figure 10a,b.[148] Such core–shell 
PbS-perovskite structures can be easily fabricated in solution 
and have been shown to enhance both the performance and 
stability of solar cells.[149,73] At the same time, examples of core–
shell heterostructures with perovskite QDs as the core mate-
rial remain scarce. CsPbI3/PbSe heterostructured QDs were 
directly synthesized in a colloidal phase using trioctylphos-
phine selenide as a Se source.[150] TEM and HRTEM images 
in Figure  10c,d show a central area marked by an interplanar 
distance of 0.62 nm, which was identified as CsPbI3 QDs. The 
surface region in these images was identified as PbSe, with an 
interplanar distance of 0.3 nm associated with its (200) plane. 
Solar cells based on these CsPbI3/PbSe QDs not only reached 
a respectable PCE of 13.9%, but also showed a significantly 
enhanced storage stability in humid environments. The devices 
retained 80% of their initial PCE after 60 h of storage in air, 
while reference CsPbI3-based devices maintained only 50%.

Yet another promising protective semiconductor material is 
ZnS, whose crystal structure matches well with that of PeQDs. 
The use of ZnS as a shell was reported to prolong the PL life-
time of CsPbBr3 NCs from 13 to 106 ns.[151] In terms of stability, 
films processed from CsPbBr3/ZnS QDs maintain PL intensity 
for more than 2 days whilst immersed in water, whereas the 
PL of films made from CsPbBr3 QDs was completely quenched 
within 2 h. While this result is promising, such heterostruc-
tures have not yet been investigated in the context of photo-
voltaic applications.

3.4. In Situ Surface Ligand Exchange

Oleic acid and oleylamine are two commonly utilized bonding 
ligands in colloidal synthesis of PeQDs, as they enable their 
growth in a wide range of organic solvents. Unfortunately, 
these ligands with long alkyl chains are electronically insu-
lating, producing a tunneling barrier between neighboring QDs 
and between the QD layer and the outer electrodes. In practice, 

Figure 9. a) Schematic diagram showing the cross-exchange of Cs+ and 
FA+ ions between CsPbI3 and FAPbI3 PeQDs. b) Goldschmidt tolerance 
factor as a function of FA+ ion concentration shows that all perovskite 
compositions are expected to be phase-stable (within the purple region 
of the plot). Top axis shows the effective or average A-site radius. Repro-
duced with permission.[131] Copyright 2018, American Chemical Society.
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surface ligand modification of PeQDs is not as straightforward 
as ligand exchange in traditional II−VI or IV−VI QDs.[152] Most 
conventional methods result in structural transformation or 
loss of binding motives in PeQDs due to their highly ionic 
nature.[153] One of the biggest challenges in the fabrication of 
stable and conductive perovskite QDs films is to strike the bal-
ance between QD dispersity and adhesive forces by properly 
modifying their native surface ligands. This can be achieved 
both by ligand engineering during the PeQD synthesis, and by 
ligand exchange performed on the PeQD films.

Shortening the length of the PeQD ligands is a simple and 
effective method to achieve enhanced carrier charge mobility 
and stability. In their fabrication of CsPbI3 QDs, Chen et  al. 
partially replaced oleic acid, which includes 18 carbon atoms, 
with octanoic acid, which contains only 8 carbon atoms; these 
were coordinated with octylamine as cocapping ligands.[154] The 
resulting PeQDs had increased PLQY from 80% ± 6% to 94% 
± 3%  and enhanced PL stability, maintaining 80% of the ini-
tial PL intensity after 180 days. Unfortunately, although their 
CsPbI3 QDs based solar cells were demonstrated to achieve a 
high PCE of 11.87%, no stability studies were reported. Another 
effective short ligand is phenyltrimethylammonium bromide 
(PTABr), which endows CsPbI3 QD based solar cells with better 
performance and enhanced stability in three ways. First, PTABr 
ligands with a short benzene group can lower the repelling 
force between QDs during film formation, and hence facili-
tate charge carrier transport. Second, the Br moiety passivates 
the iodine ion defects, which is consistent with reports that an 
iodide-rich surface environment results in more stable perov-
skite QDs. Finally, PTABr ligands can increase the resistance 
against water induced degradation due to the hydrophobicity 
of PTABr-CsPbI3 films. Consequently, PTABr-CsPbI3 devices 

maintained 80% of their initial PCE in ambient conditions for 
one month without any encapsulation.[138]

3.5. Dimensionality Control

The most common structure of perovskite QDs remains the 3D 
ABX3 crystal structure and composition, consisting of a network 
of corner-sharing PbI6 octahedra with void-filling A cations. 
When long-chain organic cations such as butyl-ammonium 
(BA) or phenethylammonium (PEA) are used as A-cations, the 
3D perovskite structure will become layered, forming so-called 
2D or quasi-2D structures.[155–157] As is shown in Figure 11a, the 
layers with thickness (n) are subsequently reduced in size and 
exhibit a strong quantum confinement effect. Their increased 
formation energy should therefore improve the material sta-
bility as well as device stability. To examine this, Quan et  al. 
compared the stability of 2D perovskite materials with different 
layer numbers (n value).[161] These layered perovskites were 
tracked by XRD during storage at 90% relative humidity for a 
period of one week. Unlike for 3D perovskites, the XRD peak 
intensity of 2D perovskite films showed no obvious changes, 
indicating a significantly improved stability. However, there 
is a trade-off between stability and performance as is shown 
in Figure  11c, since the long-chained A-cations serve as insu-
lating barriers which prevent charge transport and extraction 
from the perovskite sheets. Higher performance, albeit a lower 
stability, was observed while increasing the number of layers 
n in (PEA)2(MA)n1PbnI3n+1 perovskites. Quan et  al. found that 
n = 60 quasi-2D perovskite based solar cells achieved an optimal 
counterpoise between stability and performance, presenting a 
hysteresis-free certified AM1.5 PCE of 15.3%.[161]

Figure 10. a,b) Crystal structure model demonstrating the lattice matching between MAPbI3 and PbS. c) TEM and d) HRTEM images d) CsPbI3/PbSe 
heterostructured NCs. Reproduced with permission.[150] Copyright 2020, American Chemical Society.
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Using additives such as phosphine oxides can further 
enhance the stability of perovskites with reduced dimensionality 
by passivating their exposed surfaces.[158] Mixed-dimensional 
perovskites (0D, 1D, 2D, and 3D) as absorber layers can be 
employed to find an optimal point for stable and efficient solar 
devices. Zhang et al. fabricated solar cells with nanostructured 
perovskite heterojunctions formed by 0D QDs, 2D nanosheets, 
and 3D bulk CsPbBrI2 perovskite in a gradient layer-by-layer 
architecture.[159] Such an architecture has been shown to result 
in favorable energy band alignment, resulting in an increased 
photocurrent. The dark storage and operational stability (25 °C 
at 35% relative humidity) were both significantly improved for 
the 3D–2D–0D mixed solar cells.

3.6. Lifetime-Enhancement Strategies for Perovskite  
Quantum Dot Solar Cells

Solar cells based on perovskite QDs are relatively new, having 
been first introduced by the Luther group in 2016 who reported 
CsPbI3 QD devices with a respectable PCE of 13.43 %.[120,160] 
In 2019, Hao et  al. reported on the current certified efficiency 
record for PeQDSCs fabricated using hybrid Cs0.5FA0.5PbI3 
QDs reaching a PCE of 16.6 %,[10] which translates into a relative 
improvement of 123% in efficiency achieved within just three 
years. Other perovskite compositions have also been explored. 

For example, there have been reports investigating CsPbBr3 or 
CsPbBrI2 PeQDSCs, however due to the larger bandgaps, their 
performance was relatively low.[126,161] Hybrid organic-inorganic 
perovskite compositions such as FAPbI3 QDs have also been 
employed as photoactive absorbers in devices, either on their 
own or in combination with CsPbI3 QDs.[10,123,162]

The vast majority of PeQDSC reported in literature share sev-
eral common features. The most-often used active material is 
CsPbI3 QDs since its bandgap is well-suited for absorbing solar 
wavelengths, resulting in a higher photocurrent. Another simi-
larity is the device architecture. Most devices utilize transparent 
TiO2 or SnO2 ETLs, with films of 2,2′,7,7′-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-OMeTAD) 
or other organic molecules serving as HTLs. The preferential 
contacts used for these devices are Ag or Au electrodes, some-
times with a thin MoO3 layer. These devices can be assembled 
in air as long as the relative humidity in the lab does not sur-
pass 20%.[160]

PeQDSCs are usually tested without encapsulation in either 
air or nitrogen. For example, CsPbI3 QDSCs maintained 98% 
of their starting PCE after one month of storage in a nitrogen-
filled glovebox,[163] but when the same devices were exposed to 
60% relative humidity, their PCE lost 90% of the initial value 
due to QD decomposition. Showing an improved stability, 
CsPb(I/Br)3 devices maintained 90% of their initial perfor-
mance after 900 h of storage in a dry glovebox.[126] Thermal 

Figure 11. a) Unit cell structure of (PEA)2(MA)n1PbnI3n+1 perovskites with different n values, showing the evolution of dimensionality from 2D (n = 1) to 
3D (n = ∞). b) PCE of solar cells based on layered (PEA)2(MA)n1PbnI3n+1 perovskites as a function of n value, which shows that increased performance 
was achieved with an increased n value; however, stability was decreased. Reproduced with permission.[161] Copyright 2016, American Chemical Society.
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stability has also been investigated, with only 3 h at 100 °C 
causing a major loss in performance, associated with the transi-
tion of the CsPbI3 QDs to their orthorhombic phase.[163,164]

Wide-bandgap PeQDs, such a CsPbCl3, have shown promise 
for energy down-shifting in MAPbI3 solar cells. The PeQD layer 
absorbed UV light and thus slowed down the degradation pro-
cess of the underlying perovskite layer. Solar cells made using 
this approach were stable for 100 h illumination in a nitrogen 
atmosphere.[137]

Several approaches have been shown to enhance the device 
stability of PeQDSCs. For example, the use of mixed CsPbI3 
and FAPbI3 QDs was shown to result in more stable devices 
than their all-inorganic counterparts, since FAPbI3 QDs are 
more stable as is shown in Figure 12.[123] This increase in sta-
bility is already evident in a nitrogen atmosphere, but becomes 
significantly more pronounced when the devices are exposed 
to humid air conditions. It has been also reported that mixing 
these two types of perovskite QDs prevented the conversion of 
CsPbI3 QDs from the cubic α-phase to the δ-phase by lattice 
contraction effects.[162]

An alternative approach is based on the use of dopants or 
additives. For example, Cs-salt doping (e.g., with Cs acetate) 
of CsPbI3 QD films were shown to enhance the solar cell sta-
bility in air by filling the Cs vacancies at the QDs’ surfaces.[165] 
Other doping strategies such as incorporation of GeI2 or PbI2 
also resulted in an enhanced shelf life of CsPbI3 QDSCs. These 
devices maintained their initial performance after 80 days in a 
dry environment.[138] Alternatively, ytterbium doping has also 
been proposed as an effective defect passivation strategy for 
perovskite QDSCs, leading to an enhanced stability of solar 
cells operated in humid air.[134]

The method by which PeQDSCs are fabricated may directly 
affect their operational stability. It has been mentioned already 
that the humidity during fabrication should not surpass 20%. 
Another aspect is the sequence in deposition of PeQD layers: 
if it is applied in a single step, the stability can be enhanced as 
compared to a layer-by-layer deposition, because washing steps 
that follow the deposition of each layer may introduce defects 
in the PeQD films and serve as additional pathways for degra-
dation.[127] It has also been shown that cross-linking the CsPbI3 

QD films using μ-graphene could improve their stability even 
in hot and humid environments, largely due to the prevention 
of QD agglomeration.[163]

The choice of the organic HTL layer in QDSCs can also 
strongly influence the overall stability of the device. Most of the 
high performing PeQDSCs employ Spiro-OMeTAD as HTL—a 
well-known cause of degradation in perovskite photovoltaics. 
One example of a promising substitute to Spiro-OMeTAD is 
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thio-
phenediyl]] (PTB7), which has been shown to improve the sta-
bility of the devices,[164] however other alternatives need to be 
investigated to enhance the stability further.

4. Lead-Free Quantum Dot Photovoltaics

The previous sections have focused on assessing the stability of 
lead-based QDs and QDSCs. This section will cover stability of 
some other types of QD materials used in photovoltaics, namely 
those that do not contain lead. Generally speaking, solar cells can 
be made of any type of semiconducting material as long as its 
absorption is congruent with the solar spectrum. Correspond-
ingly, many choices and combinations of QD materials have 
been reported in literature, and it would be beyond the scope 
of this review to discuss and describe all of them. We refer the 
readers to other existing reviews on this topic.[166,167] We thus 
chose to focus on some selected examples of lead-free nanocrys-
tals such as binary like CdSe and InP, and tertiary compounds 
like AgBiS2.[168–170] The highest reported PCEs of solar cells made 
from these types of QDs are currently around 13%,[171] while 
there is a push toward further optimization that may yield higher 
values in the coming years. Even though the material composi-
tions used in these solar cells are different to those discussed in 
the previous sections, most of the device architectures are sim-
ilar, making the comparison of degradation processes possible.

CdSe QDs have been extremely well studied for their poten-
tial as luminescent materials in LEDs and as fluorescent 
biomarkers.[5,172] This type of QDs has been generally shown 
to be stable both in colloidal solutions and in solid films, in 

Figure 12. Lifetime of PeQDSCs with fully inorganic CsPbI3 and mixed organic/inorganic FAPbI3 PeQDs under a) nitrogen without illumination and 
b) humid air and room temperature. PeQDSCs made of FAPbI3 perovskite are more stable than the inorganic counterpart and a mixture of both dots 
follows the stability pattern of the more stable devices. Reproduced with permission.[162] Copyright 2019, American Chemical Society.
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particular in terms of their colloidal stability and photostability, 
with significantly fewer studies examining the stability of their 
optoelectronic properties, mechanical or thermal stability. In 
the following section, we will summarize some of those obser-
vations and findings. Moreover, we will also outline the recent 
progress in other promising QD solar cells, such as CdTe/CdSe 
and CdS/CdSe hybrids, InP, and AgBiS2 QDs.[168,169,173,174]

4.1. Degradation Mechanisms of Colloids and Films

Colloidal stability has been extensively studied for the lumi-
nescent CdSe-core based core–shell QDs (with CdSe/ZnS 
been most prominent example), since their prevalent use as 
biomarkers. It has been shown that the pH value of aqueous 
solutions can influence the formation of their agglomerates.[175] 
A very low concentration of dots in solution is detrimental 
because it facilitates deattachment of ligands from their sur-
face. On the other hand, if their concentration is too high, the 
formation of agglomerates is accelerated. Yet, it is possible to 
obtain colloidal solutions of these QDs that are stable for over 
a year without any noticeable aggregate formation.[176] The con-
tent of other ionic species in the solution might also affect the 
colloidal stability, as they can remove ligands from the QDs sur-
face.[177] The stability is not only related to the medium in which 
the QDs are dispersed, but is also strongly linked to the choice 
of ligands. Thiol and dithiol ligands have been shown to form 
covalent bonds to the surface of II–VI semiconductors.[178,179] 
However, monothiols can detach more easily from the surface 
than dithiols, so that the use of the latter may help to avoid the 
agglomerate formation.[180–182]

The PL stability of core–shell CdSe based QDs has been com-
prehensively studied in the context of bio-imaging applications, 
mostly with a focus on the PL of their colloidal solutions. Since 
QDs may undergo some structural and compositional changes 
under prolonged illumination, their PL intensity and also the PL 
peak positions may also vary with time. At this point it becomes 
important in which (inert or not) atmosphere the QDs are kept, 
as the presence of oxygen can play a major role in the degrada-
tion dynamics, as it can promote the formation of oxides on the 
surface of QDs. Indeed, when colloidal solutions of QDs are 
kept under nitrogen atmosphere, or encapsulated in an airtight 
cuvette, their PL signal remains stable.[183] However, the inten-
sity of the PL peak was increased when the QDs were exposed 
to air for a short period, since ambient oxygen initially passi-
vates some of the trap states found on the dot surface, similar 
to what has been described earlier for PbS QDs.[184] Extended 
storage of their solutions in air may lead to a complete oxida-
tion of their surface atoms, evidenced by X-ray photoemission 
spectroscopy analysis that revealed the formation of SeO2. Such 
formation of SeO2 species is associated with the preferential 
binding of ligands to the Cd atoms instead of the Se, leaving 
those sites more vulnerable to oxidative attack. The size of the 
QDs determines the ratio of Cd to Se atoms on the surface, 
thereby affecting the degree of oxidation.[185]

The PL peak of QD solutions illuminated in air for a 
continuous period of time may undergo a blueshift and 
photobleaching.[184] A blueshift on the order of 10–40  nm has 
been reported for CdSe/ZnS core–shell QDs,[184,186,187] caused 

by an effective size reduction of the QD core due to photooxi-
dation, thus enhancing the effects of electron confinement. 
The oxidation of the surface is accelerated by UV light expo-
sure, which facilitates the above-mentioned oxidation pro-
cesses. Once the QD surface is fully oxidized, the PL signal can 
vanish completely. The broadening of the PL spectra can occur 
due to the gradual loss of ligands and the subsequent particle 
agglomeration. We note that the power density of the UV light 
employed in these studies was higher than that of the solar 
spectrum, (e.g., 20 kW cm−2 in the study by Van Sark et al.[184]), 
and therefore photodegradation studies carried out using solar 
illumination (100 mW cm−2) show rather diminished effect of 
photo-oxidation on those QDs. The PL intensity can even be ini-
tially boosted upon exposure to sunlight due to the surface pas-
sivation. On a microscopic scale, the photodegradation of these 
QDs usually starts at defect sites at their surface, where dan-
gling bonds, incomplete ligand coverage or grain boundaries 
may all act as centers for photooxidation.[184,188] A comparison 
of core-only and core–shell QDs with different shell thick-
ness, reveals that the former experience faster photobleaching, 
whereas core–shell QDs with moderate show thicknesses show 
a rather stable PL, but for very thick shells the interface strain 
increases, thus resulting in more defects and the acceleration 
of degradation.[189] Photooxidation of QDs can also be followed 
by changes of the PL lifetimes, as the dynamics of electron and 
hole recombination will significantly change due to the surface 
oxidation. Very often, PL decays of colloidal QDs exhibit a fast 
component associated with recombination in the QD core and 
a slow component, related to recombination via surface states. 
Oxidation mostly influences the surface related recombination 
dynamics, which also reinforces the general understanding 
that surface defects play a major role in the process of QD 
degradation.[190]

Similar to the prototypical CdSe, other II–VI core QD mate-
rials such as CdSe and CdTe also show decreased PL signal due 
to agglomeration or photooxidation, with CdTe QDs being most 
sensitive in this respect.[191–192] Similar trends were reported for 
III–V QDs such as InP with promising routes for their stabili-
zation using a ZnSeS shell.[193]

Exposure to heat could also reduce the PL intensity of such 
QDs, which is partly related to the removal of surface ligands 
at elevated temperatures.[194,195] It has been shown that thick 
protective shells can help to enhance their thermal stability.[196] 
Alternatively, doping of the shell material with Mn2+ ions 
could enhance thermal stability of QDs by passivating defect 
states.[196]

Degradation processes of QDs in films are somewhat dif-
ferent from those in colloidal solutions. The ligands are not 
so easily removed from the surface in a solvent-free environ-
ment, and the dot packing is dense, enhancing cooperative 
effects such as energy and charge transfer inside the film, thus 
altering the degradation pathways.[197] Another obvious differ-
ence is that the absolute PLQY of the QD films is typically lower 
than the one measured for the same QDs in solution. The deg-
radation of films in an aqueous environment will be affected 
by penetration of water molecules to the core–ligand interface 
and will result in luminescence losses. This kinetic process can 
be especially damaging if the ligand density is low or the bond 
strength is not sufficiently high.[198] Still, an initial increase 
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of the PL intensity may occur when films are illuminated in 
a moist environment, which could be linked to the adsorption 
of water molecules to the outmost atomic layer of CdSe, thus 
passivating the nonligated surface sites.[199] Similarly to col-
loidal solutions, QD films illuminated for a prolonged time in 
an oxygenated atmosphere may show a blueshift of their PL 
spectra linked to the photooxidation of the QDs’ surfaces.[199] 
Again, it is important to note that during the fabrication of QD 
films for solar cell applications, the original long-chain ligands 
of colloidal QDs are replaced by short ones (such as halide ions 
or thiol-containing molecules) in order to allow for efficient 
charge transport, and this change may influence the possible 
degradation pathways.

The reduction of the PL signal of QDs does not necessary 
imply a direct loss in absorption, which is a characteristic more 
relevant to solar harvesting applications. Still, the chemical deg-
radation processes shortly summarized in this section provide 
valuable information that can be useful also for photovoltaic 
devices. For instance, the results of spectroscopic studies would 
still be applicable for QDs integrated in solar devices: if the PL 
signal is completely quenched because of the high amount of 
generated sub-bandgap states, the nonradiative recombination 
of excitons would diminish the performance of photovoltaic 
devices.

4.2. Device Degradation and Stability Enhancement

Solar cells made from a variety of Pb-free QDs have been 
reported by diverse research groups, which offer the pos-
sibility to gain further insights on device stability. Most of 
the studies reported on the shelf stability, i.e., the evolution 
in the performance of devices stored in air without illumina-
tion over a period of time. The shelf stability of CdSe QDSCs 
has been reported to be rather poor, with a sharp decrease in 
performance after relatively short periods (e.g., 80% loss after  
3 days).[200,201] The stability was further reduced when the per-
formance of the devices was tracked under continuous illumi-
nation. For example, CdSe QDSCs showed a decrease of 25% 
in PCE after only 200 s of irradiation, while an additional ZnS/
ZnSe shelling could improve their stability to nearly no loss in 
PCE over a span of minutes.[201]

Several examples of hybrid QD solar cells, based on combi-
nations of two II–VI semiconductor materials (e.g., CdSe/CdTe, 
CdS/CdTe, or CdS/CdSe), yielded better stabilities than CdSe 
QDs alone, reaching several hours under constant illumination 
and up to 6 months for storage in the dark.[168,171] It was found 
that Mn2+ doping of QDs was an effective way to boost both 
performance and stability[168,196] When Mn2+ ions are present 
at the shell of these QDs, they generate in-band states which 
boost the charge extraction by reducing the recombination rate 
at the core–shell interface.[202] CdTe QDSCs with PCE of 12.3% 
were reported by Panthani et al., with an efficiency decreasing 
by 25% after one day illumination. This degradation could be 
reversed by a current/light soaking treatment.[203]

QDSCs based on environmentally-friendly AgBiS2 QDs pos-
sess a strong visible-through-IR absorption,[174] and were shown 
to be stable in air for a period of one to three weeks. After that, 
degradation occurred within the organic transport layers, such 

as poly(3-hexylthiophene-2,5-diyl) (P3HT) or PTB7.[170,174] Other 
Cd-free QDs, such as InP or Sn-doped InP were reported to 
be less stable when employed in solar cell devices, showing 
noticeable decrease in performance after only 15  min of 
illumination.[169]

Several methods to improve the stability of lead-free QDSCs 
have been explored. For example, optimizing the composition 
of the shell material of QDs in order to decrease the lattice mis-
match between the core and the shell has been shown to be 
important for the QD stability.[201,204] Another method involves 
deposition of thin layers of ZnS on top of the photoactive layer, 
which helps to prevent oxidation.[200] Charge extraction layers 
also play a role in device stability. Electron extraction (e.g., with 
a TiO2 layer) can enhance the anodic corrosion of CdSe QDs by 
an excess of holes, which calls for an efficient hole extracting 
material that compensates for the reduced hole mobility in the 
QD films.[205]

Since degradation is often a QD-surface related issue, their 
stability could be improved by a suitable ligand passivation. 
As was already mentioned above, when used for device fab-
rication, QDs are typically treated with short chain ligands in 
order to improve the conductivity through the film and facili-
tate interdot charge transfer. Passivating the QDs’ surface with 
thiols, though promising in terms of improving their PLQY, 
has been shown to lower their stability due to the detachment 
of thiols in colloidal solutions, especially in case when water 
molecules could penetrate into the core–ligand interface.[179,192] 
On the other hand, passivating QDs with electron-rich ligands 
that exhibit strong hole-extraction ability can increase their sta-
bility.[198] The length of the ligands needs to be carefully consid-
ered and optimized: while very short ligands might outperform 
longer ones in terms of improved conductivity and thus offer 
higher initial efficiency, longer-chain ligands typically yield 
more stable dots. The nature of the ligand molecules is also 
important, with aliphatic ligands known to be more stable than 
aromatic ones.[179] Finally, the type of bond between the QD sur-
face and the ligand also affects the stability—bidentate ligands 
may degrade faster than monodentate ones.[179]

Fabrication procedures of Pb-free QD devices may also influ-
ence their stability. For example, ”over-washing” of QDs after 
synthesis can remove too many longer-chain ligands, which 
results in less-stable devices.[187,206] Fabricating devices in an 
inert atmosphere (e.g., in a glovebox) will yield higher absolute 
efficiencies for the tested cells, but will not directly improve 
their degradation dynamics once there are placed in air.[200] It 
is also possible to encapsulate the devices after fabrication to 
prevent oxidation, e.g., by using thermoplastic spacers;[173] still, 
penetration of oxygen cannot be completely prevented, and the 
devices may eventually degrade.

5. Suggestions on Stability Testing in the 
Quantum Dot Photovoltaic Community
One motivation for this review arised from the observation that 
stability testing of QDSCs is somewhat left aside when new 
record efficiencies are published. Relatively few publications 
deal directly with the topic of QDSC stability and propose 
strategies for its enhancement. Figure  13 includes several 
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exemplary sketches taken from those publications, which show 
a few of the proposed methods for improving the stability of 
these emerging photovoltaic materials. The degradation mecha-
nisms can be easily extracted from a simple sketch and help 
the readers in understanding the overall message of the newly 
developed methods.

At the same time, our examination of the available body 
of literature related to the stability aspects of QDSC revealed 
the absence of a consistent and standardized method to 
quantify the results. To illustrate this point, we have sum-
marized the efficiency, the conditions of stability tests, and 
the reported stability data on PbS QDs and PeQDs based 
solar cells from a selection of representative publications that 
appeared between 2008–2020 (Figure 14). While a remarkable 
progress in increasing the PCE of devices has been achieved, 
it is hardly possible to observe any clear trend in enhancing 
stability of those devices. As a matter of fact, the vast majority 
of studies reported on the ambient stability of devices in 
the dark, i.e., their shelf stability; assessed devices that were 
stored in the lab without illumination and were periodically 
re-measured. While the shelf stability is an important “snap-
shot” characteristic, evaluating the performance evolution of 
solar cells under operational conditions is understandably 
much more useful.

Surprisingly enough, even similar degradation conditions 
seem to lead to very different results. This could be related 

to the different levels of humidity of the ambient air in dif-
ferent laboratories, or the different frequency of measurements 
during which the devices were exposed to illumination. Such 
a lack of consistency makes it nearly impossible to compare 
the results and to draw reliable conclusions on the influences 
of different aspects (e.g., passivation, device architecture, etc.) 
on the stability of the devices. Moreover, this raises questions 
regarding experimental reproducibility, since experiments per-
formed at different times of the year would inevitably vary in 
the level of humidity.

Thus, with the common goal of increasing the device sta-
bility, the field of QDSCs would greatly benefit from a simple, 
standardized method for testing stability of such solar cells. 
In what follows, we do not intend to mimic the industrial 
standard, which already exists for the solar cell testing,[214] but 
rather to encourage researchers active in the QDSC field to 
adopt a more consistent protocol for degradation characteriza-
tion, which would allow for direct comparison of stability of 
such devices. This was recently done in the field of lead halide 
perovskite solar cells,[215] and in Table 1 we include two sugges-
tions that could be adopted for QDSC stability testing. The first 
test is the so-called “stress-free test” which represents the best-
case scenario for the stability of the devices. The second, “real-
istic test” was chosen such that the atmosphere, temperature, 
illumination (power), and bias voltage are close to real opera-
tional conditions.

Figure 13. QD solar cells can be exposed to several stress factors during the operation, some of which are sketched in the top left panel. On the 
right, different strategies for QDSC stability enhancement are presented. a) Use of a thin layer of graphene as moisture and agglomeration barrier. 
Reproduced with permission.[163] Copyright 2018, John Wiley and Sons. b) Passivation of QDs, for example, with cesium ions, results in a higher sta-
bility against oxidation. Reproduced with permission.[165] Copyright 2019, John Wiley and Sons. c) Electron transport layers can enhance the QD film 
degradation, as is the case for titanium dioxide substrates. Reproduced with permission.[205] Copyright 2009, American Chemical Society. d) Similarly, 
an organic spacer can protect the underlying layer of QDs. Reproduced with permission.[207] Copyright 2020, The Royal Society of Chemistry.
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Moreover, we hope future research focuses on a more pro-
found analysis of the degradation mechanisms in QDSCs. 
Quite a number of factors (which are listed in Figure  15, 
left hand side) can influence stability of the QDSCs, and by 
applying a range of structural and spectroscopic characteri-
zation methods, it is possible to quantify and evaluate their 
properties as observables (Figure  15, right hand side). Such a 
detailed investigation—in combination with accurate charac-
terization of the J–V characteristics evolution—would inevitably 
enhance the understanding of degradation mechanisms of QD 
SCs, and expedite the development of mitigation strategies.

6. Conclusions

QD photovoltaics experienced a rapid increase in efficiency with 
continuous advances in both lead chalcogenide QDSCs and the 
more recent perovskite QD devices, so that reaching a PCE of 
20% is no longer out of sight. Despite this impressive progress, 
the long-term stability of QDSCs remains a key challenge that 

requires significantly more research efforts. In this review, 
we outlined some of the key developments in understanding 
mechanisms of degradation of QD materials and photovoltaic 
devices. While we focused on three different types of QDs, 
namely, lead chalcogenide, lead halide perovskite, and lead 
free QDs, all three share plenty commonalities in their funda-
mental causes for degradation. Ambient factors such as oxygen 
and water, but also increased temperatures or high intensities 
of illumination can decrease the lifetime of QDSCs. Beyond 
these external factors, both the intrinsic properties of QDs and 
their interplay with other materials present in the photovoltaic 
devices can also serve as causes of degradation, thus requiring 
a more detailed analysis. With the focus of the scientific com-
munity gradually shifting from enhancing solely the efficiency 
of the devices to addressing their stability, there is a need for 
more meticulous approach for the study of fundamental degra-
dation mechanisms in all three types of QDSCs presented here. 
The elucidation of these degradation mechanisms will allow the 
development of novel strategies for their mitigation. Unfortu-
nately, the lack of a standardized method to assess stability of 

Figure 14. Evolution of PCE of PbS QD and PeQD based solar cells taken from representative publications (appeared between 2008–2020) that reported 
on the stability of the devices. Selected information on the retained percentage of the device’s PCE, and the conditions of tests are also provided in 
order to illustrate the inconsistency both in the degradation conditions and duration of tests. The data points are taken from diverse publications and 
classified depending on the degradation atmosphere: dark ambient,[2,10,102,110,134,162–165,208–211] light ambient,[51,73,78,89,123,130] nitrogen light/dark,[41,120,212,213] 
and dry air dark.[126]

Table 1. Suggested stability measurement conditions for stress-free and 
realistic tests on QDSCs.

Stress-free test Realistic test

Atmosphere Inert Air with controlled humidity (e.g., 30% 
relative humidity)

Temperature Room temperature (25 °C) 65–85 °C

Illumination Only for J–V sweep Continuous illumination (AM1.5)

Bias Open-circuit Maximum power point

Encapsulation Yes No

Figure 15. Possible combinations of external factors and material/device 
characteristics that are helpful in investigations of degradation mecha-
nisms of QDs and QDSCs.
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QDSCs limits the applicability of the results across the field. To 
address this issue, we propose two simple stability tests (stress-
free and realistic) which we believe can increase the compara-
bility, reliability, and reproducibility of results and encourage 
the scientific community to adopt them.
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