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ABSTRACT

Perovskite solar cells (PSCs) have recently emerged as an ideal candidate for next-generation photovoltaic
applications. While promising, many challenges stand between PSCs and widespread application, including
moisture, thermal and UV stability, photocurrent hysteresis behavior, flexibility, and large-scale produc-
tions. Meanwhile, quantum dot materials have attracted intensive research interest within past decades
owing to their fantastic optical, electrical and optoelectrical properties, such as size-dependent energy band
gaps derived from quantum confinement, high photon absorption coefficient, and multiple exciton gen-
eration. Their facile solution synthesis, tunable energy-level structures, and variable surface chemistry via
ligand engineering make quantum dots (QDs) attractive for a variety of significant functions in PSCs. In this
review, we summarize how a variety of QD materials (e.g., carbon, graphene, metal oxides, metal sulfides,
metal selenides, metal tellurides, black phosphorus, organic/inorganic halide perovskites, etc.) can be ap-

Stability plied in PSCs. We detail that QDs can play diverse roles in PSCs, including light harvesters, electron and hole
transporters, additives into perovskite and charge transport layers, and interfacial modifiers. Particularly,
the introduction of QD materials into PSCs enables the growth of high-quality perovskite films with larger
grain sizes and reduced trap-state density due to the strong chemical interaction between QDs and per-
ovskites, yielding high efficiency of stable PSCs. The size-dependent energy band gaps of QDs enable en-
hanced energy-level alignment for efficient charge transfer in PSCs. Moreover, the incorporation of QDs
capped with highly hydrophobic ligands can enhance the long-term moisture stability of PSCs. Additionally,
the photoluminescence property of QDs can be used to convert UV-radiation into harvestable visible light to
improve the photocurrent and photostability of PSCs. The different characteristics and functions of QDs in
PSCs are then discussed. Finally, insight into the further development of QD materials in PSCs is outlined.

© 2021 Elsevier Ltd. All rights reserved.

Contents

oV (o Te L ol 1 o) o P 2
Quantum dots applied in perovskite SOlar ClIS . . ... ... ..ttt e e e e e e e e e e 5
Quantum dots used in electron tranSPOTt JAYETS. . . . ..ttt ettt e ettt e e e e e e e e 5
Quantum dots as electron transSPOrt MAtEITAlS . . . . ..ot ittt ettt ettt e ettt et e et e et e e e e 5
Quantum dots as additives into electron tranSPOIt IAYEIS . . . .. ..ttt ittt ettt et e e e e e e e 6
Quantum dots used in PEroVSKite aDSOTDETS. . . . ... ottt ettt e e e e 9
Perovskite quantum dots for light harvesting . . . ... ... o et e it e e e e e 9
Quantum dots as additives in perovskite fllMsS . . . ... .. .. e e 13
Quantum dots in hole tranSPOIT LAYETS . . . ..ottt ettt et ettt et e e e e e et e e e e e e e e e e 17
Quantum dots as hole transport MAteITials . . .. .. .ottt ettt ettt et e et et e e et e e e e 17

* Corresponding author at: Research Institute for Biomimetics and Soft Matter, Fujian Provincial Key Laboratory for Soft Functional Materials Research, Department of Physics,
College of Physical Science and Technology, Xiamen University, Xiamen 361005, China.

= Corresponding author.

E-mail addresses: mdye@xmu.edu.cn (M. Ye), zhiqun.lin@mse.gatech.edu (Z. Lin).

https://doi.org/10.1016/j.nantod.2021.101286
1748-0132/© 2021 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/17480132
https://www.elsevier.com/locate/nanotoday
https://doi.org/10.1016/j.nantod.2021.101286
https://doi.org/10.1016/j.nantod.2021.101286
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nantod.2021.101286&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nantod.2021.101286&domain=pdf
mailto:mdye@xmu.edu.cn
mailto:zhiqun.lin@mse.gatech.edu
https://doi.org/10.1016/j.nantod.2021.101286

M. Ye, G.M. Biesold, M. Zhang et al.

Nano Today 40 (2021) 101286

Quantum dots as additives in hole transSPOrt JaYeTS . . .. ... ottt ettt e e et ettt e e e e e e e e 18
Quantum dots used in iNterfacial [aYers . . . .. ..ottt et ettt e e e e e e e e e 19
Quantum dots used at interfaces between electron transport layers and perovskite films .......... ... .. ... . i 19
Quantum dots at interfaces between hole transport layers and perovskite films. .. ... ... ... i i 22
Quantum dots in the light dOWn CONVEIting Jayers . . .. ... .ttt e ettt ettt ettt ettt ettt ettt 26
Conclusion and OULIOOK . . . .. oottt ettt et e e e e e e e e e e e e e e e e e e 28
CRediT authorship contribution SEAtEMIENL . . . . .. i\ttt ettt ettt e e et e e e e et et e e e ettt e ettt ettt 32
Declaration of COmMPeting INteIeSt. . . ..ttt ettt ettt et e e ettt e e e e et e e e e et et e e et ettt e e 32
ACKNOWIEAGIMEIIES. . . . ittt ettt ettt et ettt e e ettt e e e e e e e e e e e e e e e e e e e e e 32
0SS (S ()8 L PPN 32
Introduction mesoporous ETL (e.g., TiO, nanoparticles (NPs), and Al,03 NPs)/

Over the past decade, perovskite solar cells (PSCs) have attracted
significant research interest due to their fantastic optoelectronic
characteristics and low manufacturing cost. The core of PSCs is ha-
lide perovskite, which has the chemical formula ABX; (Fig. 1a, A:
CH5NH5* (MA), CHy(NH>),* (FA), or Cs*; B: Pb?* or Sn?*; X: CI, Br™ or
I"). Many outstanding optical and electrical properties have been
reported for halide perovskites, for example, wide absorption spec-
trum (e.g., Eg = 1.5-1.6 eV for MAPDI3), high molar extinction coef-
ficient (e.g., ~ 5.7 x 10 cm™ at 600 nm for MAPbI;), low exciton
binding energy (e.g., ~ 30 meV in MAPbIs), ambipolar carrier trans-
port characteristics (e.g., carrier mobility: electrons > 7.5 cm? V™! s™!
and hole > 12.5 cm? V™! s! in MAPbI;), long carrier diffusion length
(e.g., ~ 1 um for polycrystalline MAPbI; and > 175 pm for MAPbI3
single crystals), and high defects tolerance [1-3]. The facile solution
processability of perovskites is also crucial for the rapid develop-
ment of PSCs. With careful optimization in all aspects (Fig. 1b)
[4-12], the maximum certified power conversion efficiency (PCE) of
PSCs has reached 25.2% (Fig. 1c) [13].

PSCs generally consist of perovskite layers sandwiched between
electron transport layers (ETLs) and hole transport layers (HTLs). The
three most commonly used device architectures for PSCs are sche-
matically illustrated in Fig. 2a—c. They are: (a) mesoporous n-i-p, (b)
planar n-i-p, and (c) planar p-i-n structures, with the n, i, and p
relating to the ETL, perovskite, and HTL, respectively. In general, the
mesoporous n-i-p structure is constructed with fluorine-doped
tin oxide (FTO) glass/compact ETL (e.g., TiO,, SnO,, and ZnO)/

perovskite/HTL (e.g., Spiro-OMeTAD (2,2',7,7'-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene))/top electrode (e.g., Ag,
Ay, and Al; Fig. 2a and d). The planar n-i-p structure is assembled
with FTO or indium tin oxide (ITO) glass/compact ETL (e.g., TiO,,
Sn0,, Zn0O, and PCBM (phenyl-C61-butyric acid methyl ester))/per-
ovskite/HTL (e.g., Spiro-OMeTAD, and PTAA (polytriarylamine))/top
electrode (e.g., Ag, Au, and Al; Fig. 2b and d). And the planar p-i-n
structure is composed of FTO or ITO glass/HTL (e.g., NiO, and PED-
OT:PSS (poly(4-butylphenyldiphenylamine), poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate))/perovskite/compact ETL (e.g.,
PCBM, Cgo (buckminsterfullerene), and BCP (bathocuproine))/top
electrode (e.g., Ag, Al and Au; Fig. 2c and d) [14,15].

During the last decade, intensive effort has been devoted to op-
timizing many aspects of PSC devices [16-19]. As highlighted in
Figs. 1b and 2, recent studies on PSCs mostly focus on the im-
provement of perovskite films and optimization of ETLs and HTLs via
various methods [20-24]. The integration of additives into per-
ovskite and charge transport layers [25,26] and interfacial en-
gineering [27,28] have been shown to boost both cell efficiency and
stability of PSCs. To understand the relative mechanisms associated
with PSCs, theoretical simulation on some aspects of PSCs (e.g.,
perovskite crystallization, defect passivation and charge transport)
has proven to be essential [29]. The toxicity of perovskite materials
can be reduced by substituting Pb%* with Sn?*, with complete Sn
substitution being preferred [30]. Flexible PSCs have been developed
for applications in wearable electronic devices [31]. PSCs have
shown promise for large scale synthesis, which is essential for device

Fig. 1. (a) Crystal structure diagram of a typical perovskite with the chemical formula of ABX3 (A: CH3NH;" (MA), CH,(NH,)," (FA), or Cs*; B: Pb%* or Sn?*; X: CI", Br™ or I"). (b)
Schematic diagram of some keywords for the research aspects on PSCs in recent years (ETLs: electron transport layers; HTLs: hole transport layers). (c) The progress of cell

efficiency for perovskite solar cells (PSCs) [4-13].
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Fig. 2. Schematic diagrams of the typical device structures for PSCs: (a) mesoporous n-i-p, (b) planar n-i-p, and (c) planar p-i-n structures. FTO: fluorine-doped tin oxide; ITO:
indium tin oxide; c-ETL: compact electron transport layer; m-ETL: mesoporous electron transport layer; HTL: hole transport layer. (d) The energy levels of some representative
materials used in PSCs. PCBM: phenyl-C61-butyric acid methyl ester; Spiro-OMeTAD: 2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene; PTAA: poly-
triarylamine; PEDOT:PSS: poly(4-butylphenyldiphenylamine), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; P3HT: poly(3-hexylthiophene); BCP: bathocuproine; Cgp:

buckminsterfullerene.

commercialization [32]. The suitable/tunable energy band gaps and
facile deposition of perovskites have also led to their application in
high-performance tandem solar cells [33].

Colloidal semiconductor nanocrystals or quantum dots (QDs) are
another type of semiconductor material with great promise in
photovoltaic applications. QDs are commonly synthesized via facile
chemical solution routes [34-36] and have been widely used in
photocatalysis [37-39], photovoltaic [40-44], and other optoelec-
tronic devices (e.g., photodetectors, light emitting diode (LEDs) and
displays) [45-50]. Their performance in these applications is driven
by their fantastic physical/chemical properties, such as size-depen-
dent optoelectronic characteristics and tunable energy band gaps
resulting from quantum confinement, high photon absorption
coefficient, and multiple exciton generation. In particular, their facile
solution synthesis, controllable energy-level structures, and easily
exchanged surface-ligands make QDs attractive candidates for many
significant functions in PSCs (Fig. 3). For example, SnO, and black
phosphorus QDs have been utilized as electron transporters in ETLs
[51-53]; various organic/inorganic halide perovskite QDs (e.g.,
MAPDbI3, FAPbI3, CsPbls, CsPbBr3 and Cs;-xFA,Pblz) have been used as
light absorbers [46,54-59]; and a diversity of metal oxides, sulfides
and selenides (e.g., Cu,0, CulnS,, CulnSe,, MoS,, PbS and SnS) have
been employed as hole transporters in HTLs [60-65]. Additionally,
the nano size of QDs allows them to be easily incorporated into

modified perovskite films, ETLs and HTLs by simply suspending
them in precursor solutions [3,66,67|. The adjustable energy band
characteristics of QDs enable them to be good mediators for inter-
facial engineering in PSCs [68,69]. Carbon-based (e.g., graphene,
carbon and graphdiyne) and phosphorus-based (e.g., black phos-
phorus) QDs are the most commonly used additives and interfacial
modifiers in PSCs [70-74]. QDs have been used for a wide spectrum
of important functions in PSCs, for example, extending the light
absorption from ultraviolet to near infrared light due to their pho-
toluminescence property and low energy band gaps [75,76], im-
proving the quality of perovskite films (spurring larger grain sizes
and reducing surface defects) owing to the strong chemical inter-
action between QDs and perovskites [77-80], alleviating the carrier
recombination in the charge transport layers due to the passivation
effect of QDs [81,82], facilitating charge extraction via tailored en-
ergy-level alignment [83,84], reducing photocurrent hysteresis
[71,85], and enhancing the long-term, humidity, thermal and pho-
tostability of PSCs owing to the introduction of QDs with several
fascinating characteristics (e.g., hydrophobicity and photo-
luminescence) [86-88]. Impressively, most QD materials are capable
of multiple roles in PSCs. They can multifariously act as active ma-
terials (i.e., light harvester and carrier transporters) [89], function as
dopants in active layers, and operate as interfacial modifiers in PSCs
(Fig. 4) [90]. This is principally owing to their fascinating features,
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Fig. 3. Schematic diagrams of the applications of QDs in PSCs. Top: The roles (red petals) and functions (pink and green petals) of QD materials in PSCs. Bottom: some re-
presentative materials in the form of QDs used in PSCs.

Fig. 4. Schematic diagram of some multifunctional quantum dot materials with their roles and effects in PSCs.

4
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such as tailorable surface chemistry for varying functional ligands,
adjustable dispersion ability in polar or non-polar solvents, and
tunable energy-level structures [91,92].

In this review, the recent progress on incorporating various QD
materials in PSCs is comprehensively summarized. A diverse group of
QD materials (e.g., carbon, graphene, black phosphorus, metal sulfides/
oxides, and halide perovskites) have been introduced into PSCs for a
variety of functions. Since the synthesis of QDs has been carefully
summarized in many related reviews [35,93], we primarily emphasize
the roles and functions of QDs in PSCs, including their ability to serve as
light harvesters (e.g., organic/inorganic halide perovskites) [94-96],
charge transporters (e.g., metal sulfides) [61,63,64], film additives (e.g.,
graphene, carbon and graphdiyne) [67,68,81], and interfacial modifiers
(e.g., metal sulfides, selenides and tellurides, black phosphorus, gra-
phene and carbon) [69,85,97,98]. Finally, our concluding remarks and
perspectives are outlined.

Quantum dots applied in perovskite solar cells

As mentioned above, QD materials can be utilized in many parts
of PSCs. In the following sections we will survey their applications in
ETLs, perovskite layers, and HTLs, respectively. Their use at the in-
terfaces between perovskite and charge transport layers (i.e., ETLs
and HTLs) will then be examined. Finally, the role of QDs as light
down converting materials in PSCs will be highlighted.

Quantum dots used in electron transport layers

Quantum dots as electron transport materials

In PSCs, ideal electron transport materials possess the following
basic properties: (1) large optical transmittance to enable adequate
light into the perovskites; (2) appropriate energy-level alignment to
allow effective electron extraction from perovskite to ETLs and ob-
tain a high open-circuit voltage (Voc); (3) high electron mobility to
quickly deliver the photo-generated electrons from ETLs to the ex-
ternal circuit. As shown in Fig. 2d, TiO,, SnO,, and PCBM are the most
common electron transport materials in PSCs. Among them, TiO, is
often the preferred choice as compact layers and mesoporous scaf-
folds for PSCs due to its appropriate energy band structure and
suitable physical/chemical properties. TiO; is, however, not without
drawbacks, which include relatively low electron mobility (~107
cm? V! s71), inferior conductivity (~1.1x 107> Scm™!), strong pho-
tocatalytic activity under UV light, and prolonged high temperature
(>450 °C) to calcine [3,82]. In recent years, SnO, has attracted sig-
nificant attention as ETLs in PSCs due primarily to its compelling
properties, including a favorable conduction band energy level
across the ETL/perovskite interface, a wider band gap for improved
stability under UV light exposure, and higher electron mobility
(~103 cm? V! s71) than TiO, [81]. Moreover, SnO, nanocrystals can
be easily fabricated via low temperature processes in large scale,
which is necessary for the fabrication of flexible PSCs [99].

As summarized in Table 1 [36,51-53,100-105], SnO, QDs have
been extensively applied in PSCs owing to their facile, large-scale,
stable, efficient and repeatable synthesis processes. For example,
thiourea-stabilized SnO, QDs with the diameters of 3-5 nm can be
obtained by hydrolyzing, dehydrating, and oxidizing SnCl,-2H,0 in
water at room temperature (Fig. 5a and b) [52,100,101]. Rigid, flex-
ible, and large area (1.0 cm?) PSCs were then crafted using these
Sn0O, QDs, and they displayed impressive power conversion effi-
ciencies (PCEs) of 20%, 16.97%, and 19.05%, respectively (Table 1)
[52]. Similarly, SnO, QDs synthesized by dissolving SnCl,-2H,0 in
anhydrous ethanol can be deposited into homogeneous ETLs [51].
These Sn0O, QD-based films show higher conductivity and photo-
voltaic performance than that of films prepared by spin-coating the
SnCl,-2H,0 solution onto substrates (Fig. 5¢ and d). The PCE of PSCs
based on such SnO, QD films can reach 20% (vs. 17.50% for bulk SnO,-

Table 1

Summary of some representative QDs as ETLs in PSCs.

Ref.

Device performance

Cell structure

Synthesis method

QDs (diameter)

Jsc (mAcm™)

FF

Voc (V)
1.06
0.94
1.03
1.21
113
112
1.08

1.

2248

16.97
9.73

FTO/TiO, QDs/m-TiO, MAPbI;/Spiro-OMeTAD/Au

Solvothermal reaction

TiO; (~3.6 nm)

ZnoO (-)

16.80
16.77

5.08
23.05

ITO-PET/Graphene/ZnO QDs/MAPbI3/Spiro-OMeTAD/Ag

Reflexed solution process

0.65

11.26
4.10

ITO-PEN/Black phosphorus QDs/ FAg gsMAg 15Pblg25Bro s/Spiro-OMeTAD/Au

FTO/Graphene QDs/ CsPbBr3/CsPbBrl, QDs /Carbon

Liquid exfoliation process
Solvothermal reaction

Black phosphorus (4.7 £ 1.6 nm)

Graphene (~4 nm)
Sn0; (3-5nm)

20.78

ITO/SnO; QDs/ Cso.05(MAg.17FA0.83)0.95Pb(Io.83Bro.17)3/Spiro-OMeTAD/Au

ITO/SnO, QDs/ MAPbI3/Spiro-OMeTAD/Au

Room temperature solution process

21.61
23.40
22.60
22.78
22.19

18.71

Low temperature water injection process

Room temperature solution process

Sn0; (~2.9 nm)
Sn0, (2-4nm)

18.80

FTO/SnO, QDs/ MAo,FAg3Pbls/Spiro-OMeTAD/Au

0.70
0.75
0.57
0.71

09

17.50 (bulk)
18.20

13.64
16.58

[101]
[100]
[102]

1.06

FTO/Al:SnO, QDs/ MAPbI3/Spiro-OMeTAD/Ag

Room temperature solution process

Sn0, (1.7-3.3 nm)
Sn0; (~3 nm)

08
1.06

ITO/SnO, QDs/ Cso.0sFA0.81MAg.14PbI; 55Br¢ 45/Carbon

ITO/SnO, QDs/ MAPbI3/Spiro-OMeTAD/Ag

Room temperature solution process

21.89

Room temperature solution process

Sn0, (1.7-3.3 nm)
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Fig. 5. (a) Schematic diagram of the room temperature solution process for preparing SnO, QDs and (b) TEM image of SnO, QDs [52]. Printed with permission from Wiley-VCH. (c)
I-V curves of SnO;, QDs (Q-Sn05), bulk SnO, (N-Sn0,) films and FTO/glass. (d) J-V curves of the PSCs based on Q-SnO, and N-SnO, ETLs, inset is the TEM image of SnO, QDs [51].
Printed with permission from The Royal Society of Chemistry. (e) J-V curve of the flexible PSCs based on the SnO, QDs and (f) bending tolerance of the flexible PSCs under different

bending radii [36]. Printed with permission from American Chemical Society.

based PSCs) [51]. In addition, well-dispersed SnO, QDs with uniform
sizes can be prepared by dissolving tin acetate (Sn(CH3CO;)4) in
xylene with oleylamine and oleic acid, and then inducing reverse
micellar formation via water injection at low temperature (<100 °C).
Flexible PSCs made with these QDs showed a high efficiency of 17.7%
and maintained 92% retention after a 1000-cycle bending to a radius
of 18 mm (Fig. 5e and f) [36]. Moreover, AlCl; was mixed into a
SnCl,-2H,0 precursor solution to synthesize Al-doped SnO, QDs,
which exhibited obviously improved conductivity, charge mobility,
and energy-level alignment as compared to the pure SnO, QDs.
Impressively, the doping process also modified the film quality of
Sn0, and perovskite layers. Thus, the resulting PSCs display a PCE
over 18.20% [101].

Black phosphorus, an exciting new two-dimensional (2D) mate-
rial, has recently spurred significant research interest because of its
attractive characteristics, including tunable band gap from 0.3 to
2.0eV and ambipolar conductivity (e.g., carrier mobility in poly-
crystalline: ~220cm? V™! s for electrons and ~350cm? V™! s7! for

holes) [106]. When black phosphorus is shrunk into QDs, quantum
confinement and edge effects produce more fascinating optoelec-
tronic properties. For instance, black phosphorus QDs can be syn-
thesized via a liquid exfoliation method assisted by bath and probe
sonication (Fig. 6a). These black phosphorous QDs can then be used
as ETLs in planar n-i-p PSCs and have been found to facilitate crys-
tallization and orientation of perovskite films with reduced surface
defects (Fig. 6b and c). Meanwhile, they also generate suitable en-
ergy-level alignment to promote electron extraction (Fig. 6d and e),
thereby leading to PCEs of 14.6% and 11.26% for the resulting rigid
and flexible PSCs (Fig. 6f), respectively [53]. Graphene QDs have also
been found to serve as a good charge deliverer, promoting electron
extraction from CsPbBr; films to ETLs [105].

Quantum dots as additives into electron transport layers

As summarized in Table 2, the doping of some QD materials (such
as CdSe, AgInS,, carbon and graphene) into TiO,, SnO, and PCBM
ETLs has been found to effectively facilitate electron transport and
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Fig. 6. (a) UV-Vis absorption spectrum of black phosphorous QDs (BPQDs) in isopropanol (IPA) solution, the inset is the TEM image of BPQDs. SEM images of the perovskite films
prepared (b) with and (c) without the presence of BPQDs. (d) Schematic diagram of the energy-level structure of the PSCs based on BPQDs. (e) Time-resolved photoluminescence
decay plots of the perovskite films with/without BPQDs. (f) J-V curves of the flexible PSCs with/without BPQDs [53]. Printed with permission from The Royal Society of Chemistry.

extraction and improve the long-term humidity stability of PSCs
[3,70,81,82,98,107-113]. Carbon-based materials, including carbon
nanotubes, graphene, graphite, and fullerene are popular functional
materials due to their beneficial optoelectronic properties
[40,114-116]. Graphene and carbon QDs in particular have been
studied in a variety of applications, including batteries [117], solar
cells [118,119], photodetectors [120], and LEDs [50]. In contrast to
graphene nanosheets with zero band gap and low light absorption,
dispersible graphene QDs with sp2-sp? carbon bonds have non-zero
and tunable band gaps, broad optical absorption, and fluorescent
properties due to the quantum confinement and edge effects [121].
Carbon QDs are composed of sp? hybridized core carbon atoms and
surfaces passivated with numerous functional groups (e.g., carbonyl,
hydroxyl, and carboxyl). These surface groups enable carbon QDs to
have great water solubility and high chemical interaction with other
materials for efficient surface passivation [122]. Because of their
solubility, abundant surface groups, photoluminescence, high pho-
tostability, facile synthesis and low toxicity, graphene and carbon
QDs are promising candidates for significant roles in PSCs [122,123].

For example, graphene QDs have been shown to boost the per-
formance of SnO, based ETLs. Although SnO, has several advantages
as above mentioned, thin films prepared via low-temperature solu-
tion processes unavoidably contain many electron traps from oxygen
vacancies in SnO, QDs. These traps result in carrier recombination
and deteriorated electron transport in the ETL and ETL-perovskite
interfaces. The incorporation of a small amount (e.g., 5 wt%) of gra-
phene QDs (Fig. 7a) into the SnCl, or SnO, solution has been de-
monstrated to significantly reduce electron trap-state density and
improve electron mobility in the modified ETLs. Moreover, the

conduction band (E.) of the graphene QDs is higher than that of SnO,
(Fig. 7b and d), which facilitates efficient electron transport from the
graphene QDs to Sn0O,, quickly filling electron traps, increasing
the electron density in ETLs, and ultimately enhancing conductivity.
The graphene QDs also enhanced energy-level alignment between ETL
and perovskite, resulting in superior electron extraction (Fig. 7b and e).
Thus, the PSCs based on the SnO,/graphene QD ETLs show higher PCEs
and reduced photocurrent hysteresis (Fig. 7c¢ and f) [70,82,110].

Similarly, graphene QDs can also be applied to compensate for
the inherent shortcomings of PCBM, namely inferior electrical con-
ductivity and electron mobility [68,124]|. PCBM molecules have also
been found to dimerize when exposed to continuous light illumi-
nation, a phenomenon which leads to deteriorated PSC performance.
The incorporation of graphene QDs into the PCBM films has been
found to suppress such dimerization and stabilize PSCs performance
[68]. Graphene QD doping can also improve the electronic and
electrochemical properties of TiO, ETLs. The introduction of gra-
phene QDs into the TiO, films has been found to shift the flat-band
potential (Ep) of TiO, to a more negative position with a higher
quasi-Fermi level, which is beneficial for electron transfer and in-
creases the open circuit voltage (Voc) of PSCs. Moreover, TiO, is
photocatalytically sensitive to the UV-light and can extract electrons
from I” ions of perovskite, induce the formation of I, at perovskite-
TiO, interface, and degrade the PSC. Significantly, the addition of
graphene QDs into TiO, films has been observed to protect TiO, from
the UV-light radiation, alleviate the interaction between TiO, and
perovskites, and reduce the decay of PSCs [111].

In addition, carbon QDs can also be mixed with TiO, nanocrystals
to prepare a hybrid ETL. A PSC made with this hybrid ETL was found
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Fig. 7. (a) Steady-state PL spectra of the GQDs with diameters of 5 nm (G5) and 10 nm (G10), respectively. (b) Schematic diagram of the energy-level alignment and (c) J-V curves
of PSCs using different SnO, ETLs [82]. Printed with permission from The Royal Society of Chemistry. Schematic diagrams of (d) the energy bands between SnO, and graphene QDs
(GQDs) and (e) energy-level alignment of PSCs based on the Sn0,:GQD ETL. (f) J-V curves of the PSCs based on the SnO, and Sn0,:GQD ETLs, respectively [70]. Printed with

permission from American Chemical Society.

to have a superior PCE and reduced hysteresis, which were attrib-
uted to the well-matched energy-band structure, improved charge
extraction, and stronger electronic coupling between the perovskite
and ETL [3]. Moreover, red carbon QDs with rich —SH and —OH
groups have been doped into the SnO, solution to prepare ETLs with
increased electron mobility of 1.73 x 1072 cm? V™! 57! [81]. The SnO,/
red carbon QD ETLs were smoother and more hydrophilic, which
promoted heterogeneous nucleation of perovskite films with larger
grain sizes and a higher degree of crystallization. PSCs made with
such high-quality perovskite films reached a PEC of 22.77% (vs.
19.15% for unmodified PSCs), due to increased light absorption, re-
duced charge traps, and decreased carrier recombination [81].

Quantum dots used in perovskite absorbers

Perovskite quantum dots for light harvesting

Perovskite QDs have recently emerged as promising candidates
for use in high-performance PSCs due to their unique properties,
such as low-temperature synthesis, tunable band gaps, high photo-
luminescence, multiple exciton generation, large absorption coeffi-
cient, high carrier mobility, long charge diffusion length, and low
exciton binding energy [49]. It is important to note that because of
their higher surface energy, perovskite QDs possess superior stability
to their bulk counterparts, which are often thermodynamically un-
stable at low (room) temperature [66,125,126]. Thus, as indicated in
Table 3 [5,54-57,94,96,127-143], a series of perovskite QDs have
been rationally designed and used as light harvesters in PSCs, and
resulted in increased PCE from 6.54% to 16.60% and considerably
enhanced stability [5,56,144,145].

In general, perovskite QDs are necessarily passivated by surface
ligands (e.g., oleic acid (OA) and oleylamine (OLA)) to avoid particle
aggregation and achieve dispersion in various solvents [54,146].
Unfortunately, the insulating nature of these long ligands (e.g., OA
and OLA both have 18 carbon atoms) can create a high potential
barrier for effective electrical coupling among perovskite QDs which
can lead to poor charge transport and low PCEs. Therefore, it is es-
sential to replace the long-chain ligands with short-chain ones.
However, this ligand exchange process has been found to induce
surface defects in perovskite QDs, which are detrimental to carrier
transfer and stability [134,143]. Simply stated, it is complicated yet
necessary to carefully address the surface ligands of perovskite QDs
to assemble efficient PSCs.

Initially, perovskite QDs (e.g., MAPbl; and MAPbBr3) were fabri-
cated via in-situ spin-coating perovskite precursor on substrates
[5,127], with particle sizes (3-10 nm) readily controlled by adjusting
the spin-coating speed. A maximum PCE of 11.40% was obtained for
the PSCs based on MAPbBr; QDs created with this method [127]. In
2016, Luther et al. synthesized CsPbl; QDs via the hot injection
method by introducing Cs-oleate into a flask containing Pbl, with OA
and OLA surface ligands [96]. Due to the ionic nature of CsPbl; QDs
and the bonding between the ligands and QDs, the presence of polar
solvents will result in the desorption of ligands and transformation
from the desired cubic phase to the thermodynamically preferred
orthorhombic phase of CsPbls. Thus, to successfully obtain cubic
phase CsPbl; QDs without particle aggregation, the use of low po-
larity solvents (e.g., methyl acetate) is required to remove unreacted
precursors and surface species [54]. By tuning the reaction tem-
peratures from 60 °C to 185 °C (Fig. 8a), the particles sizes of CsPbls
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Fig. 8. (a) UV-Vis absorption spectra and photographs of the CsPbl; QDs fabricated at different temperatures. (b) Schematic diagram and SEM image of the PSC based on the
CsPblz QDs [96]. Printed with permission from Science Publishing Group. (c) Schematic diagram of the spin-coating process of CsPbls films with the post-treatment of different
salts [95]. Printed with permission from Science Publishing Group.

Fig. 9. Schematic illustration of the synthesis process of the Yb-doped CsPbl; QDs, (b) schematic diagram of the energy band alignment and (c) stability of the PSCs based on Yb-
doped CsPbl; QDs [137]. Printed with permission from The Royal Society of Chemistry.
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Fig.10. (a) Schematic diagram of the synthesis of Cs;_xFAcPbl; QDs by cation exchange between CsPbl; and FAPbI; QDs. (b) UV-Vis absorption spectra of the Cs;_xFAxPbl; QDs and
(c) SEM image of the CsqgsFAsPblz QDs. (d) J-V curves of the PSCs based on the Cs;_xFA4Pblz QDs [57]. Printed with permission from American Chemical Society.

Fig. 11. (a) Photographs of the CsSnl; and CsSng gPbg 413 QDs stored in the air, (b) XRD patterns of CsSng ¢Pbg 413 QDs (b) stored in solution and (c) deposited on substrates under
ambient conditions [128]. Printed with permission from American Chemical Society. (d) Synthesis process of the CsSnl; QDs with/without the assistance of anti-oxidant solvent
additive (ASA) [139]. Printed with permission from The Royal Society of Chemistry.
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Fig. 12. (a) Photographs and XRD patterns, and (b) SEM images of perovskite films prepared with/without PbS QDs. (c) Stability of the PSCs with/without PbS QDs [150]. Printed

with permission from American Chemical Society.

QDs can be tuned from 3.4 nm to 12.5 nm. Notably, the cubic phase is
stable at ambient conditions for months after the ligand exchange
treatment with methyl acetate. To prepare absorbers for PSCs, the
pristine cubic CsPbls QDs can be dissolved in octane and then spin-
coated onto TiO,-based FTO substrates. The samples are then post-
treated by immersion into saturated methyl acetate-containing lead
salts (e.g., lead acetate or lead nitrate) which have been shown to
preserve the structural integrity of QDs. This post-treatment has
been found to improve surface passivation and reduce dissolution of
Pb atoms from CsPbl;z during the subsequent rinse with methyl
acetate to remove the long-chain ligands [56,132]. The resulting PSCs
exhibited a champion PCE of 10.77% (Fig. 8b), which was found to be
stable over 60 days in ambient atmosphere (relative humidity:
15-25%) [96]. The PCE of this device was improved to 13.43% by
additionally post-treating the perovskite QD films in an ethyl acetate
solution containing different salts (e.g., FAI, FABr, MAI, MABT, and Csl,
Fig. 8c). The FAI-coated CsPblsz QDs display the best electronic cou-
pling properties with increased carrier mobility from 0.23 cm? V!
s to 0.5cm? V! s7L It is proposed that the existence of FAI may
bind with the CsPbl; QDs, fill the surface void sites, form FAPbI;
shells and even emerge alloyed CsyFA;_xPbls QDs [129]. Saturated
ethyl acetate solutions without FAI but containing different in-
organic cesium salts (i.e., CsAc (cesium acetate), Csl, CsCO3 and
CsNOs) were then used to passivate the surface of CsPblz QDs (which
were synthesized via a similar method to that described above). The
cesium salts were observed to fill surface vacancies and reduce
charge traps, thereby enhancing electronic coupling among CsPbl;
QDs and increasing carrier mobility. A maximum PCE of 14.10% was
obtained for the CsAc-passivated CsPbl; PSCs [135]. A mixture of OA/
OLA (18 carbon atoms) and octanoic acid/octylamine (8 carbon
atoms) was employed as capping ligands to fabricate cubic CsPbls
QDs [134]. It was found that a mixture of short and long chain li-
gands can strengthen the adsorption energy between ligands and
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QDs, reducing surface defects and increasing the stability of CsPbls
QDs. PSCs based on these mixed ligand CsPbls QDs showed a PCE of
11.87% [134]. In another study, micrometer-sized graphene na-
nosheets were employed to crosslink and stabilize CsPbl; QDs by
their surface groups (e.g., hydroxyl, carbonyl and carboxyl). The
crosslinked structures also facilitated carrier transport, which re-
sulted in PSCs with enhanced efficiency and moisture stability [66].
In addition, CsPbl; QDs were doped with ytterbium by adding yt-
terbium acetate during the hot-injection process (Fig. 9a). The Yb
dopant was found to occupy surface defects (e.g., Pb%*, Cs* and I
vacancies) and enhance crystallinity, charge transport, and thermal
stability of CsPbl; QDs (Fig. 9b and c). An optimized cell efficiency of
13.12% (vs. 12.06% for unmodified PSCs) was achieved for a device
based on 20 mol% Yb-doped CsPbl; QDs [137]. Furthermore, Gel, was
introduced into the hot-injection precursor to adjust the crystal-
lization of CsPblz QDs [136]. The addition of Gel, resulted in the
formation of high-quality CsPblsz QDs by supplying extra I” ions. Note
that the Ge?* ions were not inserted into the crystal lattice of CsPbl;
QDs. These modified QDs exhibited a near-unity photoluminescence
quantum yield (PLQY) of about 100%, which maintained 99% even
after a month of storage. PSCs made with these QDs showed a PCE
over 12% and considerable stability with 85% of the initial perfor-
mance after 3 months in dry air.

Other organic/inorganic halide perovskite QDs, including
CsSny_xPbyls [128], CsPbBr3 [94,133],CsPbBrs_ylx [130], Cs;_xFAPbl;
[56,57], MASnBrs;_4Iyx [131], FAPbl; [55], and FA;_xCsxPb(l;—xBry)s
[138], have been fabricated through similar hot injection methods
for applications in PSCs. CsPbl; and FAPbI; QDs have both been re-
ported to be sensitive to humidity and polar solvents. Conversely,
mixed-cation Cs;_xFAPbls QDs have been demonstrated to be more
stable in ambient air due to entropic stabilization from the combi-
nation of Cs and FA cations [56,57]. Cs;_xFAxPbl3 QDs were prepared
by a facile cation exchange process (Fig. 10a) in which hot-injection
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Fig.13. (a) TEM image, (b) linear potential scans for the valance band (VB) and conduction band (CB) position, (c) structure model, and (d) energy level structure of the graphite N-
doped graphene QDs (GN-GQDs). Schematic diagrams of (e) the interaction between GN-GQDs and Pb ions in perovskites, (f) the passivation of vacant I sites in perovskites by the
GN-GQDs, (g) charge transport and (h) energy level structure of the PSCs modified with the GN-GQDs. (i) J-V curves and stability of the PSCs with/without the GN-GQDs

[156]. Printed with permission from American Chemical Society.

synthesized CsPblz and FAPbl; QDs were mixed in different molar
ratios and heated to different temperatures (<90 °C). A variety of
compositions of stable Cs;_yFAyPbl; QDs were achieved (Fig. 10b and
¢), and it was found that PSCs based on the Csg75FAg25Pbls QDs
exhibited the best PCE of 11.14%. This sample displayed reduced
photocurrent hysteresis and lower PCE than PSCs based on CsPbls
QDs (13.47%) (Fig. 10d) [57]. Cs1-xFAxPbl3 QDs were also synthesized
via a similar method and the OA ligand environment was carefully
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optimized for high-quality perovskite QDs [56]. A certified record
PCE of 16.60% was achieved for the Csgs5FAqsPbls QD-based PSCs
with negligible hysteresis, considerable photostability and long-term
stability [56].

In an effort to reduce the toxicity of perovskite materials, re-
search interest into lead-free perovskites has recently garnered
significant attention. Specifically, the partial or complete replace-
ment of Pb with Sn in perovskites has been extensively investigated
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Fig. 14. (a) Schematic diagram of the passivation effect of carbon QDs in perovskite films. (b) J-V curves of the PSCs with/without carbon QDs. (c) Contact angle of water for
perovskite films with/without carbon QDs, and (d) stability of the PSCs with/without carbon QDs [161]. Printed with permission from American Chemical Society.

[147]. Unfortunately, at ambient conditions Sn?* ions are easily
oxidized into Sn** which has been found to lead to irreversible
conversion of the desired black perovskite phase (e.g., cubic or tet-
ragonal phase) into the undesired yellow phase (e.g., orthorhombic
phase) [30,33]. Thus, alloyed CsSn;—xPbyl; QDs were prepared by the
hot-injection method with different Snl,/Pbl, ratios. It was found
that the CsSn;_xPb,Is QDs were stable for months when stored in
inert gas or ambient air (Fig. 11a-c). This finding suggests that the
alloying strategy can effectively enhance the oxidation stability of
Sn?* ions in perovskites, which is probably due to the higher binding
energy for Sn?* in the alloyed perovskite as compared to that in the
CsSnl; QDs. However, the corresponding PSCs demonstrated poor
charge transport and low PCE (0.1%), which were attributed to the
long-chain ligands on the QD surface [128]. CsSnl; QDs were crafted
via a low-temperature solution process by employing triphenyl
phosphite as an anti-oxidant agent in the perovskite precursor
(Fig. 11d). It was proposed that the formation of CsSnl; QDs could be
divided into two steps: first, the formation of Snl, QDs in the pre-
sence of triphenyl phosphite; and second, the formation of CsSnlz
QDs via the reaction between Snl, QDs and Cs*/I” ions. Since tri-
phenyl phosphite effectively captured oxygen and then hindered the
conversion of Sn?* to Sn**, the CsSnl; QDs exhibited considerable
stability for months. PSCs based on these CsSnlz QDs possessed a
best PCE of 5.03% and an average PCE of 4.13% and displayed long-
term stability [139].

Quantum dots as additives in perovskite films
Generally, perovskite films composed of polycrystalline grains
are fabricated by solution processes (e.g., one- and two-step spin
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coating methods) and then annealed at a relatively low temperature
(~100°C) [148]. While simple and effective, this technique also re-
sults in unavoidable surface defects and grain boundary trap states
in the perovskite films, which consequently result in significant
carrier recombination in the PSCs [148]. Moreover, these surface
defects and trap states have also been found to cause infiltration of
moisture and oxygen into films, which decompose the perovskite
crystals and eventually lead to poor stability of the PSCs. In addition,
unsaturated or un-coordinated Pb ions from incomplete crystal-
lization usually exist in the perovskite films, which have been shown
to produce ionic migration and photocurrent hysteresis of PSCs [77].
Long-term, high-temperature, and continuous illumination have also
been found to cause decomposition, loss of FA or MA cations, and
migration of halide ions which result in the generation of vacancies
and interstitial ions that act as carrier trap sites in PSCs [15,149].
Hence, the fabrication of high-quality perovskite films with reduced
surface defects and grain boundary trap states is highly imperative
for high-performance PSCs. In this regard, as indicated in Table 4, a
variety of QD materials, such as PbS [150-152], SnS [153], FeOOH
[77], black phosphorous [74,154], graphene [78,155-157], and carbon
QDs [158-162], have been employed as multifunctional additives to
promote perovskite films with improved morphological, optical and
electronic properties for high efficiency and stable PSCs.

Metal sulfide QDs have been extensively applied in many pho-
toelectric fields, due primarily to their size-dependent tunable band
gaps, facile synthesis, large dipole moment, high extinction coeffi-
cient, and ability to generate multiple excitons [163,164]. Among
them, PbS QDs, which absorb light in the infrared range and possess
a large exciton Bohr radius of 18 nm, have received significant
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Fig. 15. (a) Schematic diagram of the PSCs based on the black phosphorous QDs (BPQDs) modified CsPbl,Br film. (b) Adhesive energy values of the perovskite precursor on SnO,
and BPQDs calculated by the density functional theory method [74]. Printed with permission from Science Publishing Group.

attention and achieved PCEs over 10% when used as light harvesters
in QD solar cells [163,165]. Notably, the crystal lattice of PbS QDs
matches well with that of perovskite QDs, both including a six:co—
ordinated Pb atom and similar Pb-Pb distances (e.g., PbS = 5.97 A vs.
MAPDI; = 6.26 A) [152]. Initially, halide perovskites were rationally
coated on the surface of PbS QDs to modify the morphology and
charge transport dynamics of PbS QDs and thus improve the device
efficiency and stability of PbS QD-based solar cells [42,163,166,167].
When added into perovskite precursor solution, PbS QDs have been
found to act as nucleation centers which yield larger perovskite
grains and reduced trap states (Fig. 12a and b), which result in
high-performance and stable PSCs (Fig. 12c) [150-152]. Similarly,
SnS QDs were embedded into MAPbI; layers to improve their
crystallinity and carrier separation/transfer rate. Furthermore, the
addition of low bandgap SnS QDs (~1.3 eV) was found to increase
light harvesting of perovskite films in the visible and NIR light
range [153].

Graphene and carbon QDs have also played significant roles as
functional additives to effectively ameliorate the crystallization of
perovskites and passivate surface defects and grain boundary trap
states in perovskite films. These improvements have been principally
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attributed to the substantial chemical bonding between the hy-
droxyl, carboxyl and carbonyl groups on the surface of graphene/
carbon QDs and the un-coordinated Pb ions of perovskites.
Moreover, the hydrophobic features of graphene and carbon QDs
have been shown to endow perovskite films with superior moisture
stability [78,155-157,161,162]. Notably, graphene QDs modified with
a doping treatment (e.g., nitrogen, sulfur or fluorine doping) have
been demonstrated to possess adjustable energy structures and
more active sites [155,156]. Recently, graphene QDs were doped by
substituting some C atoms with N atoms (Graphite N-doped gra-
phene QDs, Fig. 13a-d). These doped QDs showed a strong interac-
tion with un-coordinated Pb?* ions and I~ vacancies (Fig. 13e and f),
which alleviated electron trap density in perovskites. The Graphite
N-doped graphene QDs also demonstrated a high carrier mobility
due to the m-conjugated carbon rings and well-matched energy band
alignment owing to the slight rise of Fermi energy level for the
passivated perovskite (Fig. 13g and h). PSCs made with Graphite N-
doped graphene QDs presented superior cell efficiency and long-
term stability (Fig. 13i and j) [156]. Additionally, fluorine atoms were
also doped into graphene QDs, which converted the hybridization
state of the carbon atoms from sp? to sp>. The presence of highly
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Fig. 16. Schematic illustration of (a) the growth process of perovskites passivated with FfOOH QDs and (b) the electrostatic potential surface of MAI-FeOOH and Pbl,-FeOOH. (c)
Thermal stability of the PSCs with/without FeOOH QDs at 85 °C for 360 h [77]. Printed with permission from Wiley-VCH.

electronegative fluorine atoms was found to promote a robust in-
teraction between the graphene QDs and the ions in the perovskites
which decreased crystal defects. The strong C—F bonds were found
to protect the perovskite films from decomposition due to their inert
and hydrophobic nature. Thus, a maximum PCE over 20% (vs. 18.83%
for unmodified PSCs) was obtained for the resulting flexible PSCs,
with 85% retention after continuous heating conditions (85 °C) in a
N, atmosphere for 600 h [155]. Similarly, the functional carboxylic,
hydroxyl and amino groups on the edge of carbon QDs were found to
lower carrier trap density and strengthen the optoelectronic prop-
erties of the perovskite films for high-performance PSCs by inter-
acting with un-coordinated Pb?* ions (Fig. 14) [161,162].

Black phosphorus QDs can also be integrated into perovskite
films for improved photovoltaic performance [74,154|. For example,
the incorporation of black phosphorus QDs into perovskite pre-
cursors can facilitate nucleation and crystalline growth of CsPbl,Br
with reduced trap density and enhanced carrier transport dynamics
[74]. The improved electrical properties were ascribed to the strong
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electronic interaction between the lone-pair electrons of black
phosphorus and the Cs cations of CsPbl,Br (Fig. 15a). Density func-
tional theory (DFT) calculations indicated that the adhesive energy
of perovskite precursor on black phosphorous QDs was significantly
lower than on pure SnO, ETL (Fig. 15b). The lower adhesive energy
represents a lower energy barrier to the growth of perovskite crys-
tals with better chemical stability. Black phosphorous (0.7 wt
%)-doped PSCs displayed a best PCE of 15.47% (vs. 9.26% for un-
modified PSCs) and enhanced long-term moisture stability [74].
The iron, oxygen and hydroxyl components of FeOOH QDs have
been observed to interact strongly with un-coordinated Pb, FA, MA
and halide ions in perovskites (Fig. 16a). These interactions have
been found to passivate surface defects and retard the ionic migra-
tion in perovskite films. The interaction energies of Pbl,-FeOOH and
MAI-FeOOH were evaluated by DFT (Fig. 16b), and the calculations
suggested that FeOOH QDs had robust interaction with MA* and I
ions. PSCs made with FeOOH QDs displayed increased carrier mo-
bility and enhanced electron extraction, which contributed to an
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Fig. 17. (a) Schematic diagram of the energy band alignment and (b) J-V curves of PSCs using different Cu;,Sb4Sq3 QDs [174]. Printed with permission from The Royal Society of
Chemistry. TEM images of the Cu;,SbsS13 (CAS) QDs capped with (c) OLA and (d) 3-mercaptopropionic acid (MPA), respectively. (e) Schematic diagram of PSCs using the
Cuy,Sb4S13 (CAS) QDs, and (f) stability of the devices in ambient air [173]. Printed with permission from American Chemical Society.

optimized PCE up to 21.00% (vs. 19.1% for unmodified PSCs) and
considerable thermal, light, moisture and long-term stability
(Fig. 16¢c) [77].

Quantum dots in hole transport layers

Quantum dots as hole transport materials

Organic materials including Spiro-OMeTAD, PTAA, P3HT and
PEDOT:PSS are commonly used as HTLs for PSCs due to their ability
to efficiently extract and transport holes. Organic HTLs do, however,
suffer from some challenges, including high cost and poor stability.
In this regard, several inorganic materials (e.g., NiO [168], CuSCN
[169], and Cul [170]) with superior stability, low cost, and high hole
mobility have been developed as HTLs for PSCs. Table 5 shows var-
ious inorganic QD materials (e.g., PbS [63,171], SnS [64], Ag-In-Ga-S
[]72], CU[HSz [61], CU]25b4S13 [173,174], CU2ZHSHS4 [175], and Cllzo
[60]) that have also been employed as hole transporters for PSCs,
mainly owing to their amazing characteristics, such as facile synth-
esis, homogeneous dispersion, adjustable energy-level alignment,
good stability, and high hydrophobicity [60,61,63-65,171-178].
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Because of their p-type nature, suitable valence band energy
level, nontoxicity, high hole mobility, and stability, metal sulfide/
oxide QDs (especially Cu-based inorganic materials like CulnS,,
CulnSe;, Cuq3SbsS13, CuyZnSnS, and Cu,0) have shown particular
promise as alternative HTLs for PSCs [60,61,65,173-175,177]. For
example, Cu;3SbsS13 QDs with different diameters were synthesized
to adjust the energy band structures and applied as hole deliverers
in PSCs (Fig. 17a) [174]. It was found that 5.7 nm-sized Cu;5SbsSq3
QDs yielded suitable energy-level alignment for the PSCs, resulting
in a maximum PCE of 14.13%, which was comparable to that (15.25%)
of a Spiro-OMeTAD-based one (Fig. 17b) [174]. In addition, the native
OLA ligands on Cu;,Sb4S;3 QDs were replaced with bi-functional 3-
mercaptopropionic acid (with carboxyl and sulfhydryl groups) via a
ligand exchange (Fig. 17c and d). This ligand exchange enhanced the
electronic coupling among QDs, and increased hole mobility of the
Cuy,SbsS13 QDs. However, PSCs based on these Cui,SbsSi3 QDs
(Fig. 17e) displayed lower cell efficiency than those based on Spiro-
OMeTAD. The inferior performance of the Cu;SbsSi3 HTLs was
attributed to significant carrier recombination and the larger re-
sistance. In spite of this, the Cu;,SbsSi3-based devices presented
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Fig.18. (a) Schematic diagram of the interaction between perovskite and amino-functionalized graphene QDs. SEM images of perovskite films deposited on the NiOx HTLs with (b)
and without (c) graphene QDs. (d) Schematic diagram of the energy level alignment of the PSCs based on the NiOy HTLs. (e) Time-resolved photoluminescence spectra of
perovskite films deposited on different substrates. (f) J-V curves and (g) bending stability of flexible PSCs based on the modified NiOx HTLs [73]. Printed with permission from

American Chemical Society.

substantially enhanced stability when compared to devices with
Spiro-OMeTAD (Fig. 17f) [173].

In another study, hydrophilic hydroxyl functionalized Cu,0 QDs
were prepared by a simple low-temperature solution process. The
Cu,0 QDs were then further functionalized with different silane
coupling agents (i.e., 3-aminopropyltriethoxysilane, octadecyl-
triethoxysilane, and ethenyltriethyloxysilane) to achieve both solu-
bility in nonpolar solvents and enhanced carrier mobility.
Ethenyltriethyloxysilane was found to adequately facilitate particle
dispersion in non-polar solvents and retard the decline of charge
mobility in Cu,O QDs. PSCs based on the ethenyltriethyloxysilane
modified Cu,0 QDs presented a PCE of 18.90%, which was superior to
that of pristine Cu,0 QD-based devices (11.90%), but was slightly
lower than that of devices using Spiro-OMeTAD (20.60%). The
modified Cu,0-based device did, however, maintain 90% of its ori-
ginal efficiency after 1 month in ambient air, while the Spiro-
OMeTAD device retained only 50% [60].

Quantum dots as additives in hole transport layers
The introduction of QDs into HTLs for PSCs is an area ripe for
further investigation, with few current studies reported [67,73,179].
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One promising candidate for HTL incorporation is graphdiyne, a m-
conjugated carbon material that is rich with sp? and sp-hybridized
carbons and possesses a 2D structure similar to graphene. Graph-
diyne has intrinsic band gaps from 0.46eV to 1.22 eV, uniformly
distributed pores, and adjustable electronic properties, which make
it attractive for photovoltaic applications [67,72,180]. Graphdiyne
QDs were doped into P3HT films where were then used as HTLs for
PSCs [67]. The graphdiyne QDs showed strong m-m stacking inter-
action with the P3HT molecules and improved their hole transport.
Moreover, the porous nature of the graphdiyne QDs enhanced the
long wavelength light scattering of the modified HTLs, which led to a
beneficial increase in the light absorption efficiency of the PSCs. PSCs
based on the planar n-i-p structure of FTO/c-TiO,/m-TiO,/MAPbI5/
modified P3HT/Au demonstrated a PCE of 14.58%, which was su-
perior to that of a pure P3HT-based one (11.53%). The incorporation
of graphdiyne QDs could also further improve the long-term stability
of PSCs due to their hydrophobicity [67]. In another study, graphene
QDs were functionalized with amino groups, mixed into an aqueous
solution of NiOy nanoparticles, and spin-coated to be HTLs. The
presence of amino groups in the HTLs was found to strongly interact
with the Pb?* ions in the perovskite precursor and facilitate
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Fig.19. (a) Schematic diagram of the energy level alignment of the PSCs modified with the N, S co-doped graphene QDs (NSGQDs). (b) Fourier Transform Infrared (FTIR) spectra of
different materials. (c) Schematic illustration of the interaction between perovskite and NSGQDs. SEM images of the perovskite films (d) without and (e) with the NSGQDs,
respectively. (f) J-V curves of the PSCs modified with NSGQDs under forward/reverse scans. Stability of the PSCs: (g) under air with humidity of 50 + 10%, (h) at 85 °C with
humidity of < 25%, and (i) under UV-light illumination [192]. Printed with permission from American Chemical Society.

crystallization of larger grains (Fig. 18a-c). The presence of amino
coated graphene QDs was also found to change the electronic
structure of NiOy films and lead to better energy-level alignment
(Fig. 18d) for more efficient hole extraction between HTLs and per-
ovskites, yielding improved charge lifetime (Fig. 18e). PSCs made
using the p-i-n device structure of ITO/modified NiOy/
(FA0.83MA0'17)0_95CSOV05Pb(IovgBro'] )3/PCBM/BCP/Ag showed a PCE of
19.70%, higher than that of the pristine NiOy (17.70%). When using
poly(ethylene naphthalate) (PEN)/ITO substrates to fabricate flexible
PSCs based on the modified NiO HTL, it exhibited a peak PCE of
18.10% with negligible photocurrent hysteresis (Fig. 18f), excellent
flexibility (Fig. 18g) and considerable long-term stability [73].

Quantum dots used in interfacial layers

Interfacial engineering has recently been developed as an effec-
tive strategy to maximize the performance of PSCs. Efficient and

23

immediately transfer of photo-generated charge carriers from per-
ovskite films to ETLs and HTLs is critical for photovoltaic perfor-
mance. Device performance can be severely deteriorated if the free
charge carriers are captured or quenched by defects or traps in the
perovskites, ETLs, and HTLs. To promote advantageous charge mi-
gration, interfacial layers have been widely introduced into the in-
terfaces between perovskite films and ETLs/HTLs, with the goal of
modifying crystallization, retarding carrier recombination, and fa-
cilitating charge separation/extraction at the interfaces of PSCs.
Interfacial layers can also act as isolating layers to improve the long-
term, moisture, photo, and thermal stability of PSCs. Moreover, in-
terfacial engineering can be used to reduce photocurrent hysteresis,
which often originates from charge trapping, capacitive and ferro-
electric polarization, or ion migration in PSCs [17,181]. Particularly,
QD materials have been extensively applied as interfacial modifiers
to boost PSC performance by improving perovskite film quality,
passivizing surface defects and grain boundary traps, optimizing
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Fig. 20. (a) Schematic diagram of PSCs and the interaction between MAPbI; and CdSe@ZnS/CdS@ZnS QDs. (b) J-V curves of the PSCs modified by the CdSe@ZnS QDs with different
active areas under forward and reverse scans. (c-f) Binding energies and (g-j) density of states calculated via density functional theory: (c, g) Pbl,-CdSe@ZnS, (d, h) Pbl,-CdS@ZnS,
(e, i) MAI-CdSe@ZnS and (f, j) MAI-CdS@ZnS [85]. Printed with permission from The Royal Society of Chemistry.

interfacial energy-level alignment, accelerating charge extraction,
alleviating photocurrent hysteresis, and strengthening device
stability [75,98,165,182-189].

Quantum dots used at interfaces between electron transport layers and
perovskite films

As indicated in Table 6, various QD materials have been proven to
be effective interfacial modifiers between perovskite absorbers and
ETLs, such as graphene [71,97,182, 187,190-192], graphdiyne [72],
carbon [98,193-196], metal sulfide/selenide/oxide [85,165,167,194,
197-201], and some special halide perovskite QDs [83,183,202,203].
For example, 7, 10 and 14 nm-sized graphene QDs were applied as
interfacial modifiers between TiO, ETLs and perovskite films [71].
The interfacial energy-level alignment in the PSCs was then opti-
mized by tuning the bandgap of graphene by altering the size of the
particles (taking advantage of quantum confinement). 10 and 14 nm-
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sized graphene QDs were found to enhance electron extraction
because their lowest unoccupied molecular orbital (LUMO) was
between that of TiO, and perovskite. Notably, the 7 nm-sized
graphene QDs had a higher LUMO level and were detrimental to
electron transfer. PSCs with 14 nm-sized graphene QDs showed the
highest PCE, with reduced hysteresis and improved long-term sta-
bility [71]. In another study, N, S co-doped graphene QDs (with many
functional groups, e.g., C—N, C=S, —OH, C—0, and C=0) were found
to optimize PSC performance in a variety of functions (Fig. 19a and b)
[192]. N, S co-doped graphene QDs were found to facilitate efficient
charge extraction at the interfaces between perovskite/a-Fe,03 ETLs
and perovskite/Spiro-OMeTAD HTLs. Additionally, N, S co-doped
graphene QDs were integrated into MAPbDI; films, resulting in high-
quality perovskite films with larger grains and reduced trap states
(Fig. 19¢c—e). The resulting PSCs by using graphene interfacial mod-
ification displayed remarkably improved PCEs from 14% to 19.2%,
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Fig. 21. Schematic diagrams of (a) the deposition of MAPbI; films via one-step spin coating process using CsPbBrCl, QDs dispersed in the toluene as anti-solvent and (b) the
passivation of the OA ligands from the CsPbBrCl, QDs on the perovskite surface. (c, d) SEM images and (e, f) water contact angles of the perovskite films (c, e) without and (d, f)
with the CsPbBrCl, QDs, respectively. (g) Cell efficiency distribution and (h) photostability for the PSCs with/without the CsPbBrCl, QDs [203]. Printed with permission from

Elsevier.

obviously reduced hysteresis, and impressively enhanced moisture,
thermal and photostability (Fig. 19f-i) [192]. Similarly, graphdiyne
QDs with abundant functional groups (e.g., C=C (sp?), C=C (sp),
C—0 and C=0) and uniform pores were simultaneously in-
corporated into perovskite films and utilized as interfacial modifiers
on TiO, ETLs, MAPbI; absorbers and Spiro-OMeTAD HTLs. The
graphdiyne QDs provided many benefits in the resulting PSCs, in-
cluding optimized energy-level alignment, increased perovskite
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quality, suppressed carrier traps, and enhanced moisture stability.
PSCs with the graphdiyne QDs displayed a PCE increasing from
17.17% to 19.89% with negligible hysteresis and enhanced humidity,
thermal and UV light stability [72].

CdSe@ZnS and CdS@ZnS QDs with core@shell structures were
deposited onto the MAPbI; films to modify the perovskite layer/Cgo
ETL interface. The CdSe@ZnS and CdS@ZnS QDs were found to pro-
duce an electrostatic interaction with the perovskite and
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Table 7 (continued)

QD effect Ref.

Cell performance

Cell structure

Synthesis method

QDs (diameter)

FF

Jsc (mAcm™)

Voc (V)

142
1.05

[210]

Improve light harvesting, optimize

0.75

7.80
4.80

8.31
3.07

FTO/c-TiO2/m-TiO,/CsPbBr3/Si QDs/ Spiro-OMeTAD/Ag

Chemical etching

reaction

Si (~10 nm)

interfacial energy-level alignment and
enhance hole transport of PSCs

0.61

(pure)
16.69

14.10

[69]

Improve perovskite quality, optimize

0.80
0.78

20.13

1.01
0.92

ITO/PEDOT:PSS/Black phosphorus QDs/MAPbI;/PCBM/Ag

Solid calcination process

Black

interfacial energy-level alignment and

enhance hole transport of PSCs

19.17

phosphorus (~5.2 nm)

(pure)
8.29
5.25

[185]

Improve light harvesting, improve hole

0.69
0.61

11.34
9.25

1.06
0.93

FTO/c-TiO,/m-TiO,/CsPbBrs/Carbon QDs/ Spiro-OMeTAD/Ag

Pyrolysis process

Carbon (~20 nm)

extraction and enhance humidity stability

of PSCs

(pure)
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homogeneously distribute on the perovskite surface due to strong
binding between their S*~ and Se® ions and the Pb?* ions of per-
ovskites (Fig. 20a). DFT calculations revealed that the binding energy
between the perovskite and QDs was higher for CdSe@ZnS QDs
(Fig. 20c-f), which suggests that it has a stronger interaction with
the perovskite than CdS@ZnS QDs. This was attributed to the lower
electronegativity of the Se?" ions in CdSe than that of the S*” jons in
CdS. The CdSe@ZnS QDs exhibited more efficient passivation of
surface defects and grain boundary traps (Fig. 20g-j), leading to PSCs
with remarkably improved PCE (19.89% vs. 17.06% of the pristine
one), alleviated hysteresis, and long term thermal stability
(Fig. 20b) [85].

In another study, CsPbBrCl, QDs were dispersed in toluene and
applied as an anti-solvent to facilitate crystallization in a one-step
spin-coating synthesis of MAPbI; films (Fig. 21a) [203]. Bulk per-
ovskite films made with this strategy showed substantial surface
passivation and hydrophobicity, both of which were ascribed to the
surface capped with OA ligands and multiple elements in the
CsPbBrCl, QDs (Fig. 21b-f). PSCs made with CsPbBrCl, QDs demon-
strated significantly increased the PCEs (from 18.30% to 20.90%) and
enhanced device stability (Fig. 21g and h). Similarly, solutions of
chlorobenzene and various halide perovskite QDs (i.e., CsPbBrs,
FAPbBr; and MAPbBr;) were used as an anti-solvent in one-step
spin-coating processes in order to rationally modify the morphology,
crystallization and electronic structure of perovskite absorbers [183].
The CsPbBr; QD-based PSCs demonstrated the best PCE (i.e., 21.03%
vs. 19.08% for the pristine one), probably because of the optimized
size and concentration of CsPbBrs QDs.

Quantum dots at interfaces between hole transport layers and
perovskite films

Significantly, a variety of QD materials (e.g., halide perovskites,
metal sulfides, selenides and tellurides, black phosphorus, carbon,
graphdiyne and graphene) mentioned above can also be used to
effectively engineer the interface between perovskite and HTL by
improving perovskite quality, optimizing energy-level alignment,
facilitating hole extraction, retarding photocurrent hysteresis, and
enhancing device stability of PSCs, as shown in Table 7
[62,69,72,75,76,84,86,87,184-189,192-195,204-211].

MAPDbBr3_,Ix QDs were dispersed into chlorobenzene and used as
an anti-solvent for the preparation of the MAPDI; films. It was found
that coating MAPbBrs_4Ix QDs onto the perovskite absorber had a
negligible effect on light harvesting of PSCs, but when the valence
band (VB) edge of MAPbBrggl,; QDs was situated between the VB
edge of MAPbI; and the highest occupied molecular orbital (HOMO)
of Spiro-OMeTAD, hole extraction efficiency spiked and the PCE of
PSCs increased from 10.34% to 13.32% [184]. Besides, stable Mn-
doped CsPbl; QDs were rationally prepared, stabilized by capping
with both long-chain oleic acid/oleylamine and short-chain KSCN,
and then post-treated with an FAI solution. The partial substitution
of Pb?* with Mn?* ions has been found to stabilize the cubic phase of
CsPblz. The incorporation of short-chain KSCN has been demon-
strated to prevent aggregation of CsPbl; QDs (after the eventual
removal of long-chain oleic acid/oleylamine) because of the strong
crosslinking between the SCN™ and perovskites, forming Pb—S and
N—H bonds (Fig. 22a). Surface modification with the FAI solution has
been found to further improve electronic coupling and charge
transport of CsPbl; QDs. These modified CsPbl; QDs were then spin
coated onto the CsPbl,Br films. Due to their lower band gaps (i.e.,
1.77 eV for CsPbls vs. 1.91 eV of CsPbl,Br), the CsPblz QDs increased
the light harvesting of PSCs (Fig. 22b). lon exchange between
CsPbl,Br and of CsPbl; also resulted in the formation of a robust
heterojunction structure between the two inorganic perovskites. The
formation of CsPbly.Bri_x (0< x<1) via this ion exchange process
resulted in a graded energy-level alignment (Fig. 22c and d), which
helped accelerate charge extraction in the PSCs. Consequently,
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Fig. 22. (a) Schematic diagram of CsPbl; QDs with/without the SCN™ capping. (b) UV-Vis absorption spectra of different QD perovskites. (c) Schematic illustration of the energy
level alignment of the CsPbl,Br/CsPbl; PSCs. (d) Vertical composition profile of the surface for CsPbl,Br/CsPbl; film [186]. Printed with permission from Elsevier. (e) Moisture
stability of the PSCs with/without Csg57FA.43Pbl; QDs in ambient conditions [86]. Printed with permission from American Chemical Society.

CsPbl,Br/CsPblz PSCs displayed an improved PCE of 14.45%, which
was superior to that of the pure CsPbl,Br (13.45%) and CsPbls
(10.97%) [186]. In addition, Csg 57FAg.43Pblz QDs were deposited onto
FAPDIs, creating a Cs-rich surface on the perovskite and remarkably
enhancing the humidity stability of the resulting PSCs (Fig. 22e) [86].

CdTe QDs were capped with a variety of ligands (e.g. oleic acid,
MAI, Pbl; and MAPbI;) and employed as interfacial modifiers in PSCs
[188]. Only the MAPbIs-capped CdTe QD-based device possessed a
PCE comparable to that of the pristine cell without QDs. Notably, the
MAPbDI3-capped CdTe QD-based device showed reduced photo-
current hysteresis. It was indicated that the substitution of long-
chain oleic acid with MAPbI; on the surface of CdTe QDs via a ligand
exchange process was able to effectively enhance the charge trans-
port dynamic across the interface between perovskites and HTLs. In
addition, MoS, QDs were combined with (3-mercaptopropyl)tri-
methoxysilane-functionalized reduced graphene oxide (RGO) na-
nosheets and then placed between the perovskite layer and the HTL
(Fig. 23a) [62]. The MoS, QDs and RGO nanosheets were found to
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strongly interact via S-S van der Waals physisorption (Fig. 23b). The
MoS, QDs were observed to efficiently extract holes, but hinder
electron transport. The incorporation of RGO facilitated a homo-
genous coverage of MoS, QD films without pinholes onto the MAPbI;
layer (Fig. 23c and d). Notably, the modified PSCs with the MoS,/RGO
composite displayed superior PCEs and stability (Fig. 23e and f) [62].

Additionally, PbSO4(Pb0O), QDs capped with oleic acid ligands
were found to effectively passivate surface defects of perovskite
films by forming hydrogen bonds between the H" ions of oleic acid
and the I” ions of MAPbI5, and ionic Pb—0 bonds between the S042”
ions of PbSO4(Pb0)4 and the Pb?* ions of MAPbI;. Meanwhile, the
insertion of PbSO4(PbO), QDs was observed to improve hole ex-
traction and facilitate charge transport in PSCs. DFT calculations
suggest that the PbSO4(PbO), QDs helped form an interfacial
electric field at the interface between perovskite and Spiro-
OMeTAD, which was beneficial for hole transfer of PSCs. Moreover,
the PbSO4(Pb0)4 QDs boosted the moisture and oxygen resistance
for PSCs. PSCs modified with PbSO4(PbO), QDs demonstrated a PCE
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Fig. 23. Schematic diagrams of (a) the functionalization process of the reduced graphene oxide (f-RGO) nanosheets with (3-mercaptopropyl)trimethoxysilane (MPTS), (b) the
interaction between MoS, QDs and functionalized RGO, (c) device structure and (d) energy level alignment of the PSCs modified with the f-RGO/MoS, QDs. (e) J-V curves and (f)
long-term stability of the PSCs with/without different interfacial modifiers [62]. Printed with permission from American Chemical Society.

increase from 16.86% to 20.02% and enhanced long-term humidity
stability with 90% efficiency retention (vs. 22% retention of the
pristine one) after continuously measurement for 280 h in ambient
air (humidity: ~65%) [208]. Interestingly, carbon and Si QDs were
deposited onto porous three dimensional (3D) inverse opal
CsPbBr; films [185,210]. These carbon and Si QDs were both found
to enhance light harvesting and improve charge transport dy-
namics of the resulting PSCs. Because of their nature as a great
fluorescence resonance energy transfer (FRET) donor material, the
Si QDs were able to form a donor-acceptor system with CsPbBr3 to
excite additional light absorption from the photoluminescence of
Si QDs, and then further enhance the solar harvesting effi-
ciency [210].

Quantum dots in the light down converting layers

Many strategies have been proposed to mitigate degradation of
organic-inorganic perovskite films from moisture, high-temperature
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and UV [149,212]. Prolonged exposure to high energy UV photons
has been shown to damage organic components in perovskites [213].
In PSCs based on mesoporous or planar sandwich structures, most
UV photons are absorbed by the transparent conductive substrates
(i.e., FTO or ITO) and charge transport layers (e.g., TiO,, ZnO, SnO, or
NiOy), which have wide band gaps that allow for the harvest of UV
light. This parasitic light absorption enhances photostability of PSCs,
but also decreases light harvesting efficiency [214]|. Moreover, the
high photocatalytic activity of TiO, films has been found to reduce
the stability of TiO,-based PSCs. Therefore, enhancing UV-photo-
stability of PSCs is of paramount importance.

Coating an additional energy-down-shift (EDS) layer on the il-
lumination side of PSCs has been identified as a promising strategy
to improve UV photostability. This EDS layer is intended to directly
convert UV-radiation into visible light, which has been demon-
strated to enhance both PSC photostability and photocurrent.
Various luminescent materials (e.g., QDs, rare earth ions/com-
pounds, and organic dyes) have been utilized in EDS applications
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Fig. 24. Schematic diagrams of (a) PSCs coated with an Mn-doped CsPbCl; QD layer on the illumination side, and (b) the energy level alignment of the Mn-doped CsPbCl3 QDs. (c)
Solar spectrum, and absorption/excitation/emission (365 nm excitation) spectra of the Mn-doped CsPbCl; QDs. (d) J-V curves, (e) external quantum efficiency (EQE) spectra, and
(f) UV-photostability of PSCs with/without the Mn-doped CsPbCl; QDs [217]. Printed with permission from American Chemical Society.

[215,216]. The most relevant to this review are a series of QDs (e.g.,
graphene, carbon, ZnSe, and Mn-doped CsPbCl3) with attractive
properties (e.g., high photoluminescence quantum efficiency, tun-
able wide band gaps, large absorption coefficient and great photo-
stability) that have been applied as EDS layers to simultaneously
enhance cell efficiency and UV-photostability of PSCs
[213-215,217-219]. For example, Mn-doped CsPbCl; QDs have been
deposited on the illumination side of PSCs for use as an EDS layer
(Fig. 24a). Mn-doped CsPbCl; QDs were selected because of the in-
triguing properties owing to the incorporation of Mn?" ions, in-
cluding a significantly increased Stokes shift and UV-induced light
emission at 590 nm (vs. 402 nm for the pure CsPbCl; QDs) (Fig. 24b
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and c), producing a photoluminescence quantum yielding of ~60%.
PSCs with the Mn-doped CsPbCl; QD EDS layer demonstrated im-
proved PCEs with increased photocurrents from the additional
UV-light absorption, and enhanced photostability (Fig. 24d-f) [217].
N-doped graphene QDs have also been shown to effectively down
convert UV light [219]. The QDs can absorb UV light around 255 nm
via the m-m* transition of their aromatic sp? groups and then emit
visible light at 585 nm with a photoluminescence quantum yield up
to 80%. When employed as an EDS layer in the CsPbls-based PSCs,
the N-doped graphene QDs were found to improve both cell effi-
ciency (16.02% vs. 15.53% for the pristine one) and photo-
stability [219].



M. Ye, G.M. Biesold, M. Zhang et al.

Fig. 25. Schematic diagram of the key aspects for quantum dot materials used in PSCs.

Conclusion and outlook

In this review, recent developments regarding the incorporation
of a variety of QD materials in PSCs have been comprehensively
summarized. A diverse range of QDs (e.g., carbon, graphene, metal
sulfides/selenides/tellurides, black phosphorus, organic/inorganic
halide perovskites, etc.) with fantastic optoelectronic properties
have been shown to increase the efficiency and stability of PSCs. This
review presents a detailed overview of the roles and functions of
QDs in PSCs. Many advanced materials in the form of QDs can be
exploited as light harvesters (e.g., organic/inorganic halide per-
ovskites), charge carrier transporters (e.g., metal oxides/sulfides/se-
lenides and black phosphorous), film additives and interfacial
modifiers (e.g., graphene, carbon, metal sulfides/selenides, and black
phosphorous) in PSCs. The incorporation of QDs has been shown to
effectively improve perovskite crystallinity, increase grain size, re-
duce surface defects and grain boundary traps, facilitate charge
transport via optimization of energy-level alignment, and enhance
the long-term, thermal, moisture and photostability of PSCs. While
the incorporation of QDs has produced a multitude of improve-
ments, further modification of QDs is still necessary in order to
unlock their full potential in PSCs. These further necessary devel-
opments are discussed below (Fig. 25).

First, judicious ligand engineering is particularly essential to ef-
fectively use QDs in PSCs [54,55,134,135,143,188,203,220]. QDs (e.g.,
organic/inorganic halide perovskites) are conventionally stabilized
by long-chain ligands (e.g., oleic acid and oleylamine) that are det-
rimental to fast charge transport in PSCs [137]. Unfortunately, sub-
stitution of short-chain ligands, which is beneficial for charge
extraction, leads to aggregation of QDs. Thus, it is imperative to
balance dispersion and charge transport. Top achieve this, careful
purification and ligand exchange of as-synthesized (long ligand) QDs
is essential. Crafting QDs with a mixture of short and long chang
ligands has been proven to be a promising strategy for the produc-
tion of stable QDs with satisfactory electronic properties [134]. Ad-
ditionally, solvent effects on QDs must also be taken into account. As
an example, halide perovskite QDs are commonly stabilized with
oleylamine and oleic acid ligands. These ligands bind to the surface
of halide perovskite QDs via oleylammonium halide and oley-
lammonium carboxylates [54], which are ionic bonds that are easily
destroyed when exposed to highly polar solvents (e.g, methanol,
ethanol, isopropanol, acetonitrile and water), leading to aggregation

31

Nano Today 40 (2021) 101286

of QDs. The use of highly non-polar solvents (e.g., hexane, toluene,
and octane) isn't able to break these ionic bonds and remove the
long-chain ligands for the further purify of QDs. Thus, solvent en-
gineering presents a promising strategy to control the ligand density
on the surface of QDs. Solvents with moderate polarity (e.g., ethyl
acetate, methyl acetate, 2-pentanol, and t-butanol) are capable of
properly removing the ligands while keeping QDs stable [55,221].
Meanwhile, a mixture of polar and non-polar solvents (e.g., acet-
onitrile and toluene) can also be used for surface treatment of QDs
[55,186]. Therefore, it is complicated but critical to modify the sur-
face chemistry of QDs via ligand/solvent engineering processes.
Moreover, different functional groups (e.g., —OH, —COOH, —NH,, and
—SH) can be introduced onto the surface of QDs (e.g., graphene and
carbon) via ligand exchange or doping processes [66,73,182,192],
which may strongly interact with the ions (e.g., Pb>* or I") of per-
ovskites, consequently passivating crystal defects and traps, enhan-
cing the electronic coupling among perovskites, and then promoting
carrier extraction of PSCs.

Second, elemental doping (e.g., Mn, Al, Yb, N, S and F) presents an
effective strategy to improve the photoelectronic properties of QDs,
such as conductivity, carrier mobility, energy band structures, che-
mical stability and photoluminescence [73,101,137,186,192,222].
Among them, Mn?* doping has been widely applied to modify the
photoelectronic properties of metal sulfides/selenides and halide
perovskite QDs [217,223,224]. Doping other transition (e.g, Ni2*, Co?*,
Cu?*, and Zn**) and rare earth (e.g,, La*>", Eu®*, Sm3*, Ce3*, Er**, Nd**,
and Tb>*) elements into bulk perovskites has also been extensively
reported [225-232], and stands as a promising method to further
enhance the chemical stability, photoluminescence quantum yield,
and external quantum efficiency of perovskite QDs. In addition, Sn**
cations have been proven to be an effective substitute for toxic Pb%*
cations in both bulk and QD halide perovskites structures
[30,33,233,234]. Accordingly, other divalent cations like Ca?*, Sr**,
Ba%*, and Ge*" have been doped into the bulk perovskites
[26,154,235-237], with the aim to reduce toxicity and improve their
quality and stability. Some monovalent (e.g., Li*, K*, Na*, Ag" and Rb*)
and trivalent (e.g., Bi>* and Sb*") cations have also been doped into
bulk perovskite films [50,238-242]. Ideally, any dopant successful in-
corporated into bulk perovskite should also be investigated in QD
systems. Thus, there are still many choices for the doping treatment of
halide perovskite QDs. Doping impurity ions into the lattice of QDs
can, however, induce some challenges such as charge mismatch and
low substitution concentration. It may be feasible to adopt a co-doping
strategy (e.g., co-doping monovalent/trivalent ions) to alleviate these
issues [243]. Impressively, alloyed perovskite QDs (e.g., Cs;—xFAPbI3
[56,57], (FA1-xCsx)Pb(I1-xBry)3 [138], and CsPb;SnyBr3 [34,128]) have
been found to boost device stability, light harvesting, and V¢ values
for PSCs. However, the highest certified PCE of 16.6% (Jsc: 18.30 mA
cm?; Voc: 117 V; FF: 0.783) for the PSCs based on the Cs;_FAPbls
QDs still falls far behind that (25.2%) of the bulk perovskite devices.
Additionally, the multiexciton generation effect of QDs to surpass the
Shockley-Queisser limit is rarely reported and discussed for PSCs.
There is still significant untapped opportunity in improving the pho-
tocurrent of perovskite QD-based PSCs.

Third, achieving a fundamental understanding of the possible
mechanisms (e.g., surface chemistry, chemical bonding and inter-
action) and impact of QDs on PSCs is of paramount importance. Such
a study could yield insights into how the incorporation of QDs ef-
fects properties like perovskite crystallization, defect passivation
and electronic transport [81,85,109,132,150,208]. More significantly,
it is possible to further guide the experimental procedures via
helpful characterization and simulation methods. In recent years,
several characterization techniques, such as in-situ Transmission
Electron Microscope (TEM) [244], and Atomic Force Microscopy
(AFM) [245,246], have been developed and exhibited attractive ad-
vantages in the research of energy conversion devices. These in-situ
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observation methods may make it feasible to scrutinize the crystal
defects of QDs, chemical interaction between QDs and perovskites,
and interfacial charge extraction/transport. Furthermore, theoretical
simulation (e.g., density functional theory (DFT) and generalized
gradient approximation (GGA)) is considered to be a powerful
method that can provide significant insights into the electronic and
structural nature of materials and interfaces for PSCs [85,109,208].
Therefore, it may be helpful to investigate QDs for PSCs via simu-
lation calculation, for example: (1) describing the electronic struc-
tures of QDs, including the energy band gaps, valence band
maximum (VBM) and conduction band minimum (CBM) to com-
prehend the quantum confinement effect on QDs and optimize the
energy-level alignment in PSCs [208,223,247,248]; (2) estimating the
thermodynamically stable phase and geometry of QDs and per-
ovskites [74,109]; (3) evaluating the trap-state density on the surface
of QDs and perovskite films [85,249,250]; (4) calculating the binding,
absorption or formation energy of QDs on perovskites [134,141,251];
(5) illustrating the spatial charge distribution near the interfacial
regions to find the charge difference before and after the introduc-
tion of QDs, and modulate the interfaces between perovskite and
charge transport layers for enhanced charge extraction and transport
in PSCs [150,252].

Fourth, facile and high-output synthesis strategies of stable QDs
are urgently needed. Presently, hot injection is the most popular
strategy for synthesizing QD materials (e.g., metal sulfides and or-
ganic/inorganic halide perovskites) [34,83,130,136,173,175,203]. Un-
fortunately, hot injection is usually complex, toxic, and requires the
use of unstable organic solvents. In the hot injection process, high
temperature and inert atmosphere are unavoidable, leading to high
costs and limit yield for QDs. Additionally, it will be hard to obtain
uniform QDs with high quality and good dispersity when the reac-
tions are amplified for large-scale production, mainly due to the
agent injection procedure with its high localization limitation. Room
temperature solution synthesis via ligand and solvent engineering
[48], but without inert gas and injected agents is promising for the
commercial applications of QDs in PSCs.
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