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The emerging solution-processing photovoltaic technologies, e.g., quantum dot (QD) and organic solar
cells, have witnessed unprecedented progress in the past decade. Nevertheless, both technologies have
their own merits, holding promising potential to be leveraged for mutual win. Herein, a comprehensive
and critical review of the state-of-the-art hybrid solar cells with three promising QDs (lead chalcogenide
QDs, AgBIS, QDs, and perovskite QDs) is delivered with the goal of further enhancing their performance
and stability for large-scale applications. Firstly, we discussed the working principles of hybrid solar cells
and highlighted the combined support of various structures. Subsequently, QD passivation with organic

ligands was further outlined, focusing on further enhancing the performance of QD solar cells. Then,
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Accepted 23rd November 2022 there is an in-depth discussion on worldwide research efforts to enhance the performance and stability

of hybrid devices, including bulk-heterojunction, bilayer, and tandem structures. Finally, the remaining
DOI: 10.1039/d2ta07671c open challenges and our insights are presented to offer promising research directions for further

rsc.li/materials-a performance breakthrough.

the pursuit for sustainable and clean energy harvesting tech-
nologies has been at the center of the ongoing research efforts
in the 21st century. Solar energy harvesting, one of the prom-
ising clean technologies, has attracted worldwide and consis-
tent interest owing to its great potential to offset global energy

1. Introduction

With the ever-increasing demand for energy and escalating
environmental issues stemming from fossil fuel combustion,
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consumption in view of the ever-growing global demand.
Photovoltaics or solar cells, which directly convert solar energy
into electricity, hold great promise for energy conversion in
a sustainable and economical way.' Crucially, the share of
worldwide photovoltaics in clean energy production is expected
to grow from 6.6% in 2017 to 21.8% in 2030, which certainly
requires increasing research efforts to fulfill this target.®
Current commercialized photovoltaic modules still greatly rely
on indirect bandgap crystalline silicon, which has nearly
approached the theoretical maximum efficiency, albeit some
notable application limitations in lightweight and flexible
electronics and beyond.”®

Accordingly, some of these emerging solution-processing
photovoltaics, e.g., organic solar cells (OSCs)'*** and quantum
dot solar cells (QDSCs),” ™ have witnessed unprecedented
progress in solar energy harvesting. Nevertheless, both tech-
nologies have their own merits, offering mutual benefits when
combined each other. For instance, organic photovoltaic
materials generally exhibit the strong absorption, great struc-
ture tunability, light weight, and high flexibility**-** compared to
their counterparts, e.g., perovskite materials (Fig. 1a). Moreover,
OSCs deliver striking efficiencies close to those of the silicon
counterparts.®*?° Nevertheless, most top-notch OSCs can
seldom harvest the infrared light beyond 1000 nm, which has
placed great restrictions on their further performance
enhancement.**?*? In addition, the strong exciton binding
energy of most organic photovoltaic materials has impeded
exciton dissociation, which has aroused a great demand for
bulk heterojunction to obtain high OSC performance. The
unsatisfactory phase stability and the notorious air and illu-
mination degradation issues also place great restrictions on
their applications.**?*® Furthermore, high-performance OSC
systems, such as PM6:Y6 blend, generally endure high material
cost and harsh processing, which further block the commer-
cialization of OSCs (Fig. 1a, 2a and b).>”?*

Instead, lead chalcogenide QDSCs have proved to be prom-
ising  candidates for  high-stability @and low-cost
photovoltaics.**** For instance, lead chalcogenide QDSCs can
retain ~80% of their initial efficiency after 1000 h of continuous
illumination and over 90% of their initial performance after one
year of ambient storage.*>** Concomitantly, lead chalcogenide
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QD inks present the strikingly low cost of ~6 $ per g, which will
greatly reduce the deployment expenses of QD photovoltaic
modules.**¢ In addition, lead chalcogenide QDs generally
exhibit broad bandgap tunability and absorption stemming
from quantum confinement, which endows a broad absorption
range even up to ~2000 nm.*** Except for quantum confine-
ment, surface ligands, which are essential for QD stability, hold
a great impact on QD electrical properties. Different organic
and inorganic ligands on QD surface can have a significant
impact on the distribution of the electron density of states, thus
further enriching the tunability of QD electrical properties. Lead
chalcogenide QDs with different ligands can greatly modulate
the carrier density and tune-up energy landscape alignment,
which is complementary for bandgap tunability, thus forming
a type-II heterojunction. More strikingly, other critical param-
eters including mobility, lifetime, and the corresponding
diffusion length also present facile tunability with different
surface ligands. The diffusion length of lead chalcogenide QDs
reaches the scale of ~10” to 10° nm, significantly higher than
that of the organic counterparts.”® With these benefits, lead
chalcogenide QD materials as the rising star, have made rapid
progress during the past decade with the power conversion
efficiency (PCE) in the range from ~3% to over 15% (Fig. 1b and
2c-e).

In addition, perovskite QDs have drawn great research
interest due to their strong and sharp emission, high mobility,
low exciton binding energy, high defect tolerance, and great
phase stability (Fig. 2d).”*** Moreover, the bandgap and
absorption of perovskite QDs can also be significantly tuned
with different halogen elements, mainly including I", Br™, and
Cl™. Therefore, perovskite QDs exhibit the broad absorption
covering the whole visible light range, which is critical for high-
performance solar cells. In addition, the high defect tolerance
and photoluminescence quantum yields also endow great
potential for perovskite QDs to develop them as promising
candidates for future photovoltaic devices. More strikingly,
perovskite QDs also present a superior mobility of ~1-100 cm?
v~ s7! and a high diffusion length of ~10° to 10* nm, which
can deliver efficient carrier transport for solar cells. With these
benefits, perovskite QDSCs have witnessed great advances, with
the PCE increasing from 10.77% to over 16.0% in the past few
years.'®!

Despite the great advances, the high toxicity of Pb-based QD
materials have raised great concerns in the electronic commu-
nity, which has offered a chance for the exploration of eco-
friendly alternatives. Ecofriendly and earth-abundant QDs have
emerged as promising materials for photovoltaic devices. The
star nontoxic AgBiS, QDs have seen a dramatic surge due to
their promising opto-electronic properties, including broad
absorption range, high absorption coefficient, favorable energy
landscape, and great ambient stability.>*” With joint efforts,
the photovoltaic performance of AgBiS, QDSCs has been
improved to over 9.0% in 2022 (Fig. 1b).**** In addition, other
promising ecofriendly QDs also hold great potential in photo-
voltaics, photodetectors, and photoelectrochemical cells.®*-*>
On the other hand, high efficiency, long-term stability, and low
cost all play the major role in the large-scale applications of

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) The advantages of organic and QD photovoltaic materials (Organic materials: P3HT, PM6 and IEICO-4F; QD materials: PbS QDs,
perovskite QDs, and AgBiS, QDs). (b) The progress of hybrid solar cells with three promising QD materials, namely, PbS QDs, perovskite QDs, and

AgBIS, QDs.

emerging photovoltaics. With regard to the distinct merits of
OSCs and QDSCs, hybrid strategy holds promising potential to
be leveraged for a win-win situation, in which OSCs can further
improve the performance and stability, while QDSCs can propel
rapid progress in the power conversion efficiency.

With the unique benefits of QD materials, hybrid QD/organic
solar cells have witnessed promising progress with the mark-
edly increased efficiency and stability. Since no prior reviews
has been exclusively dedicated to this important frontier, it is
quite timely to summarize the current status, strategies, and
future perspectives. Herein, we presented a comprehensive and
critical review of state-of-the-art hybrid solar cells with the goal
of advancing the large-scale applications of the emerging
solution-processing devices. Accordingly, we firstly discuss in
detail the working principles of hybrid solar cells and high-
lighted the combined support for high-performance and high-
stability hybrid photovoltaics. Subsequently, QD passivation
with organic ligands is further overviewed, aiming to provide
critical insights into further enhancing the performance of
QDSCs. Then, the in-depth discussion on the device structure of
hybrid solar cells and the corresponding research efforts,

This journal is © The Royal Society of Chemistry 2023

mainly including bulk-heterojunction, bilayer, and tandem
structure, is given. More importantly, we further present the
remaining open challenges and offer our insights into the cor-
responding research directions for the further performance and
stability improvement of hybrid solar cells.

2. Working principles

Prior to discussing QD and organic hybrid strategies in detail,
we firstly present the elaboration of the fundamentals for the
combination of QDs and organics. For QD passivation, short
ligands are the generally recognized prerequisite for QD
coupling, therefore enhancing carrier hopping and mobility to
advance QD photovoltaic performance. In addition, QD stability
with organic short ligands is the other critical issue for solar cell
processing. When in solution, organic ligands can increase the
QD solubility, while in the films, organic ligands can improve
the QD stability from water and oxygen in the air. Moreover,
organic ligands can simultaneously reduce the trap density,
which is favorable for the carrier transport and the improve-
ment of the open-circuit voltage (V) for QD solar cells.***®

J. Mater. Chem. A, 2023, 11, 1013-1038 | 1015
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Fig. 2 Optical and electrical properties of organic and QD photovoltaic materials. (a and b) Molecular structure and absorbance spectra of the
PM6 donor and the Y6 acceptor. (c) Schematic of the structure of lead chalcogenide/AgBiS, QDs. (d) Schematic of the structure of perovskite
QDs. (e) Absorbance spectra for PbS QDs with the increase in QD size. (b) Reproduced with permission from ref. 38 Copyright 2019, Elsevier. (e)
Reproduced with permission from ref. 63 Copyright 2011, American Chemical Society.

We proceed to discussing the basic principles of hybrid QD/
organic solar cells with bulk heterojunction, bilayer, and
tandem structure from optical, electrical, and morphological
properties. For all the three structures, the complementary
absorption of QDs and organics is the essential prerequisite for
efficient hybrid solar cells (Fig. 3a). More specifically, high-
performance OSCs generally have an absorption cutoff of less
than 1000 nm, leaving abundant solar radiation unavailable,
which places great restrictions on further performance
advancement of this technology.®””® Coincidentally, the facile
size-dependent tunability endows lead chalcogenide QDs with
the absorption covering the broad range from ultraviolet (UV) to
even short-wave infrared. Accordingly, lead chalcogenide QDs
can offer great complementary absorption with organic photo-
voltaic materials. In addition, the notorious absorption valley of
lead chalcogenide QDs stemming from quantum confinement
is recognized as one of the major roadblocks for their further
efficiency improvement.”””® Fortunately, a large number of
organic photovoltaic materials can exhibit the desirable
absorption peak, offsetting the valley from lead chalcogenide
QDs, which is expected to deliver superior photovoltaic perfor-
mance for QDSCs. Moreover, the instability of organic photo-
voltaic materials under UV illumination can be significantly
relieved with lead chalcogenide QD materials, which generally
present the favorable UV stability.

For electrical properties, bulk heterojunction and bilayer
structure generally require the favorable type-II energy level
alignment for efficient electron and hole transport, which is the
main prerequisite for high-performance hybrid solar cells

1016 | J. Mater. Chem. A, 2023, 11, 1013-1038

(Fig. 3b). Nevertheless, a tandem structure presents the loose
requirement of energy landscape between QD and organic
materials due to the use of electron and hole transport layer
(ETL or HTL) for efficient carrier extraction. Crucially, high-
performance hybrid solar cells with bulk heterojunction
generally raise the requirement of the balanced electron and
hole transports to reduce carrier recombination, therefore
significantly enhancing photovoltaic performance. To this end,
the comprehensive matching between QD and organic photo-
voltaic materials must be fulfilled such as mobility, carrier
density and energy level difference, which jointly leads to the
balanced carrier transport. Moreover, perovskite QDs with
direct exciton dissociation and high mobility can greatly
enhance carrier transport and the corresponding photovoltaic
performance  when introduced into organic  bulk
heterojunction.”*”® For bilayer structure, QD/organic hetero-
junction generally presents only one leading carrier transport,
which requires significantly higher electron or hole mobility
and carrier density, with the aim to build the sufficient dissi-
pation zone for fast carrier extraction.

Similar to the requirements of electrical properties, high-
performance hybrid solar cells also have some combination
principle of QDs and organics in terms of morphology, espe-
cially for bulk heterojunction and bilayer structures. As estab-
lished from efficient OSCs, bulk-heterojunction solar cells
generally require favorable mixing or phase separation for two
or multiple materials, which is also available for QD:organic
heterojunction (Fig. 3c). Nevertheless, lead chalcogenide QDs
with different ligands exhibit tunable surface energy, which is

This journal is © The Royal Society of Chemistry 2023
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Morphology engineering

Fig. 3 Basic principles of hybrid QD/organic solar cells in terms of optical, electrical, and morphology properties. (a) Complementary absorption
of QDs and organics for bulk heterojunction, bilayer, and tandem structure (red and yellow curves are for different organics, and the brown curve
is for QDs). (b) Energy level alignment of QD/polymer heterojunction for bilayer structure (top) and bulk heterojunction (bottom). (c) Morphology
engineering for QD/polymer bulk-heterojunction. (a) Reproduced with permission from ref. 77 Copyright 2022, Wiley. (c) Reproduced with

permission from ref. 78 Copyright 2015, Wiley.

expected to achieve good matching with organic photovoltaic
materials to achieve favorable phase separation. Nevertheless, it
is worth noting that when seeking out QD and organic pairs, we
must present the overall consideration of complementary
absorption, energy landscape alignment, and favorable
morphology. In addition, recent reports have revealed that
monolayer morphology also plays a critical role in carrier
transport, especially for organic ETLs and HTLs, which is
greatly affected by aggregated structure and the corresponding
morphology.

On the whole, bulk-heterojunction and bilayer structures
have more requirements in terms of optical properties, elec-
trical properties, and morphology of QDs and organics, while
the tandem structure presents the loose requirement, with only
attention to the optical properties. Except for the general
requirements for optical, electrical, and morphological prop-
erties, there is another critical principle that the introduced
organics cannot destroy QD passivation, especially for small
molecule photovoltaic materials, which may displace the orig-
inal QD ligands, leading to the increased traps and therefore
marked reduction of photovoltaic performance.

3. QD passivation

Organic ligands have witnessed a long history for the passiv-
ation of QDs, which are generally synthesized with long ligands

This journal is © The Royal Society of Chemistry 2023

for stability and solubility, e.g., oleic acid and oleyl amine.”*°
Nevertheless, long ligands have blocked carrier hopping, which
is the prerequisite for photovoltaic applications. Therefore,
worldwide research efforts have been devoted to developing
available short ligands displacing primitive long ligands to
increasing QD coupling. We summarize the greatly used
organic ligands for lead chalcogenide QDs and perovskite QDs
in Fig. 4a and b. This review only discussed the promising
passivation of lead chalcogenide and perovskite QDs with
organic ligands. It can be clearly seen that more research efforts
have been devoted to developing various organic ligands for
high-performance perovskite QDs, which have recently aroused
worldwide attention over lead chalcogenide QDs.*"**

3.1 Lead chalcogenide QD passivation

There have emerged many pioneering reviews on PbS QD
passivation with organic short ligands.***>** Here, we mainly
present a brief discussion on the recent progress of organic
ligands for superior surface passivation. Organic short ligands,
such as 1,2-ethanedithiol (EDT),*®” 1,4-benzenedithiol (BDT),*
and 3-mercaptopropionic acid (MPA),*°* generally cannot offer
perfect passivation for QDs, leading to the moderate photovol-
taic performance. When exposed to air, oxygen will erode QDs,
resulting in increased defect state, which affects their photo-
voltaic performance. Therefore, organic ligands gradually lose
their competitiveness compared with promising halide ligands.

J. Mater. Chem. A, 2023, 11, 1013-1038 | 1017
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PbS QDs and Ligands

Perovskite QDs and Ligands

Fig.4 QD passivation with organic short ligands. (a) PbS/Se QDs with common organic ligands. (b) Perovskite QDs with different kinds of organic

ligands.

Despite imperfect passivation, QDs with organic ligands have
been developed as favorable HTL, which have endowed further
success in the field of lead chalcogenide QDSCs. Even to date,
QDs with EDT ligands still demonstrate the most popular HTLs
for high-performance QDSCs.”***% Nevertheless, EDT ligands
have introduced some negative issues, e.g., notorious pungent
odor, pinhole stemming from their strong reactivity, passiv-
ation destruction of the active layer, and tedious solid-state
ligand exchange (SSLE).***® In this regard, Sargent's group has
contributed considerably to address this challenge. Their recent
work replaced conventional EDT ligands with nontoxic malonic
acid (MA), which has nearly no impact on the bottom layer, due
to the moderate reactivity (Fig. 5a and b).>” With this benefit,
QDs with MA ligands have a champion PCE of 13%, compared
to 12.2% with EDT ligands. Despite the significant benefit, this
process still cannot be free of SSLE, which has placed great
restrictions on its commercial applications. With regard to this
challenge, they further introduced benzoic acid for QD passiv-
ation to develop weakly-polar QD inks, which was compatible
with the processing of QD inks with iodine ligands, therefore
bridging the gap for large-scale applications of QDSCs.*®
Despite the leading role of halide ligands in PbS QD
passivation, there still exist quite a few defects on the QD
surface, which are unfavorable for the further improvement of
photovoltaic performance.*'* On account of this issue, Sar-
gent's group, Konstantatos' group, and Ma's group have devel-
oped hybrid QD passivation with organic and halide ligands,
which have exhibited significant improvement in the photo-
voltaic performance.’>'°"?? Konstantatos' group'” and Ma's
group'” both employed iodine and MPA ligands to passivate
lead chalcogenide QDs, which presented the marked enhance-
ment of V., indicating more perfect QD passivation. Recently,
Sargent's group has delivered a facile hybrid passivation
strategy with iodine and cysteamine ligands, therefore devel-
oping p-type QD inks, which lead to the markedly increased

1018 | J. Mater. Chem. A, 2023, 11, 1013-1038

photovoltaic performance (Fig. 5¢).” With this benefit, they
further employed a bulk homojunction with the mixing of n-
type and p-type QD inks, which can enable the thick enough
QD active layer for solar radiation harvesting, therefore leading
to the simultaneous improvement of V,. and short-circuit
current (/). With these successes, we can expect that organic
ligands will still play a critical role in the progress of lead
chalcogenide QDSCs.

3.2 Perovskite QD passivation

Perovskite QDs have drawn increasing attention due to their
high photoluminescence quantum yield (PLQY), sharp emis-
sion, high mobility, high defect tolerance, and great phase
stability.®>'**'** With joint efforts, perovskite QDSCs have wit-
nessed rapid progress with a certified PCE of 16.6%,'® signifi-
cantly higher than that of the PbS QD counterparts. Generally,
the hot injection method was employed to prepare high-quality
perovskite QDs with long ligands,'**% e.g., oleic acid and oleyl
amine, which have blocked dot-to-dot carrier transport. To
counter this issue, various short ligands have been developed
for high-performance perovskite QDSCs.*>'**'* Luther's group
has contributed a lot to introduce the magical ligands methyl
acetate (EtOAc) and formamidinium (FA") to replace long oleate
and oleyl-ammonium ligands, which have been widely used to
develop high-performance perovskite QDSCs.**> Recently, Ma's
group employed cationic guanidinium (GA') to develop
a surface matrix on CsPbI; QDs, which can deliver significantly
enhanced charge mobility and carrier diffusion length.*°
Except for the above ligands, we have classified the existing
short ligands into three categories, including single-acting-
group molecules (e.g., FPEA and DPA),""*'**> multi-acting-group
molecules (e.g,, amino acid and EDTA),"®'"” and organic
photovoltaic molecules (e.g., ITIC and Y6)."*®'*® The detailed
working mechanism and the corresponding performance have
been reviewed in recent years;*>'**'*' here, we only overview

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Lead chalcogenide QD passivation with organic ligands. (a) Conventional QD passivation with EDT ligands, which will destroy the
underlying QD active layer. (b) Schematic of QD passivation with EDT and MA ligands. (c) Schematic of QD passivation with single organic ligands
and hybrid ligands. (a and b) Reproduced with permission from ref. 97 Copyright 2020, Wiley. (c) Reproduced with permission from ref. 99
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some promising ligands from the detailed treatment process,
including the synthesis period, synthetic post-treatment, and
solid-state ligand exchange. For instance, Shi et al.*** proposed
the in situ ligand treatment during the synthesis of CsPbI; QDs
using a bifunctional ligand, r-phenylalanine, which can effec-
tively replace original long ligands and offer great passivation
due to its substantially improved adsorption energy (Fig. 6a).
With this strategy, the developed perovskite QDs exhibited
a markedly enhanced solution stability and the corresponding
QDSCs presented higher photovoltaic performance from 13.6%
to 14.6% (Fig. 6b). Recently, Jia et al'*> developed a surface
matrix curing strategy to passivate the iodide vacancies of
CsPbl; QDs during the period of synthetic post-treatment
(Fig. 6c). Through the nucleophilic substitution reaction of
tert-butyl iodide (TBI) and nucleophile trioctylphosphine (TOP),
sufficient iodide ions can be produced to provide the signifi-
cantly improved surface passivation and higher I/Pb ratio
(Fig. 6d). With this benefit, the treated CsPbI; QDSCs can ach-
ieve a record PCE of ~16.2%, markedly higher than the control
(~13.2%). More strikingly, the nucleophilic substitution reac-
tion for the release of iodine ions can inspire more research
efforts for great QD passivation.

In addition, solid-state ligand exchange has aroused more
research efforts owing to its great robustness for various organic
ligands.**™*** For instance, Wang et al.'*® recently reported that
triphenyl phosphite (TPPI) ligands can effectively passivate the
surface of CsPbI; QDs during solid-state ligand exchange
(Fig. 6e). The developed QD films exhibited two-fold

This journal is © The Royal Society of Chemistry 2023

improvement, balancing the carrier transport, which can
enable high-performance QD solar cells with a markedly
improved PCE of 15.2% over the control (Fig. 6f). Furthermore,
more organic short ligands (e.g., EDTA, PEAI, and DPA) have
been successfully employed to provide perfect QD passivation
through solid-state ligand exchange."**'**'** We have summa-
rized the performance of perovskite QDSCs with different
organic ligands in Table 1.

4. Hybrid device structure

On account of the complementarity of QDSCs and OSCs,
continuous research efforts in the community have been
devoted to the QD and organics hybrid strategy.'***** Early
research mainly focused on the performance improvement of
solar cells with PbS QD:organic bulk-heterojunction. Further-
more, recent research efforts have been devoted to the devel-
opment of hybrid perovskite QD:organic bulk-heterojunction,
which may offer an additional opportunity for further perfor-
mance breakthrough. Subsequent hotspots have shifted to
bilayer and tandem structures with the aim to simultaneously
enhance the efficiency and stability of hybrid QD/organic solar
cells. To date, hybrid QD/organic solar cells have presented the
record PCEs of 16.6%, 14%, and 13.7% for bulk-heterojunction,
bilayer, and tandem structures, respectively.’****” In this
section, we present a detailed discussion on hybrid QD and
organic solar cells including bulk heterojunction, bilayer
structure, and tandem structure. The chemical structures and
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device structure in hybrid QD and organic solar cells are given
in Fig. 7 and 8.

4.1 Bulk-heterojunction

4.1.1 Lead chalcogenide QD:organic blends. Lead chalco-
genide QDs were firstly introduced into organic matrixs as the
sensitizer to harvest short-wave infrared radiation with bulk
heterojunction.”®®**> Nevertheless, the early hybrid QD:organic
solar cells can only deliver the photovoltaic efficiency less than
0.1%, which is mainly attributed to imperfect QD passivation
and the lack of understanding on the working principles of
QD:organic heterojunction.***> With the deepening of the
understanding on carrier transport of hybrid heterojunction,
fast electron and hole transports were confirmed between
polymers and QDs with short ligands.'**"*° Benefiting from
continuous efforts, the performance of hybrid QD:organic solar
cells has witnessed rapid progress within a few years. Due to the
simple synthesis and low cost, P3HT has proved to be the early
popular polymer with QDs; however, it presents a moderate
PCE, mainly due to the absorption mismatch of the two mate-
rials and the driving lack from the low energy landscape

1020 | J Mater. Chem. A, 2023, 11, 1013-1038

difference.**”**#154152 With EDT ligands from SSLE, hybrid
QD:P3HT solar cells can only present a champion PCE of ~1%,
while it can reach over 3% for QDs with BDT ligands, which still
cannot eliminate the use of the tedious SSLE process.'*® More-
over, Nguyen et al. recently designed a block copolymer poly(3-
hexylthiophene)-b-polystyrene, which can be blended with
P3HT and QDs, leading to the further efficiency improvement to
~4.9%, which is the champion PCE for hybrid solar cells with
P3HT."™*

To maximize solar energy harvesting, complementary
absorption remains one of the critical requirements. To address
this challenge, polymers with red-shifted absorption have been
introduced to further enhance the photovoltaic performance of
hybrid solar cells. Seo et al. employed the low-bandgap polymer
PDTPBT blend with QDs to develop hybrid solar cells, delivering
a champion PCE of ~3.78%, which does not outperform that
with P3HT. This can be attributed to the imperfect passivation
of EDT ligands, as revealed above (Fig. 9a and b)."*® With regard
to this issue, Ma's group have exploited the moderate-reactivity
BDT for ligand exchange, and they achieved a record PCE of
5.5% for hybrid QD:PDTPBT solar cells with further morphology

This journal is © The Royal Society of Chemistry 2023
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Solar cell structure Voe (V) Jse (MA cm™2) FF (%) PCE (%) Ref.
Lead chalcogenide QD ITO/TiO,/PbS-EDT QD/Au 0.59 8.9 55.9 2.94 126
ITO/PbS-BDT QD/LiF/Al 0.46 19.3 58.0 5.2 88
ITO/TiO,/PbS-MPA QD/MoQO;/Au/Ag 0.48 31.0 52.0 7.3 127
ITO/ZnO/PbS-Pbl, QD/PbS-MPA QD/Au 0.64 239 71.0 10.9 128
ITO/ZnO/PbS-PbX, QD/PbS-EDT QD/Au 0.65 28.7 65.0 12.2 97
ITO/ZnO/PbS-Pbl, QD/PbS-MPA + EDT QD/Au 0.63 25.3 66.8 10.4 95
ITO/ZnO/PbS-PbX, QD/PbS-MA QD/Au 0.64 29.1 70.0 13.0 97
ITO/ZnO/PbS-Znl, + MPA QD/PbS-EDT QD/Au 0.66 24.5 61.3 9.9 101
ITO/ZnO/PbS-PbX, + MPA QD/PbS-EDT QD/Au 0.61 27.4 66.8 11.2 102
ITO/ZnO/PbS-PbX,:PbS-CTA QD/PbS-EDT QD/Au 0.65 30.2 68.0 13.3 99
Perovskite QDs FTO/TiO,/CsPbl;-4-MP/PTAA/M0O;/Ag 1.25 14.32 79.0 14.25 129
FTO/TiO,/CsPbl;-EtOAc/Spiro-OMeTAD/M0O;/Al 1.23 13.47 65.0 10.77 51
FTO/TiO,/CsPbl;-FAI/Spiro-OMeTAD/MoO;/Al 1.16 15.25 76.63 13.43 52
FTO/TiO,/CsPbI;-TPPI/PTAA/M0O;/Ag 1.20 15.2 74.5 13.55 113
FTO/TiO,/CsPbl;~GASCN/PTAA/M00;/Ag 1.25 15.85 76.7 15.2 110
FTO/TiO,/CsPbl;-DPA/PTAA/M0O;/Ag 1.24 15.84 75.5 14.9 115
FTO/TiO,/CsPbl,~FPEA/PTAA/M0O;/Ag 1.28 15.4 74.7 14.65 125
ITO/SnO,/CsPbI;-TBI/TOP/Spiro-OMeTAD/Ag 1.27 17.71 72.0 16.2 130
FTO/TiO,/CsPbl;-NaOAC/Spiro-OMeTAD/Ag 1.21 14.7 69.6 12.4 131
FTO/TiO,/CsPbl;-PEAI/Spiro-OMeTAD/Ag 1.23 15.3 74.8 14.1 114
ITO/SnO,/CsPbl;~EDTA/Spiro-OMeTAD/Ag 1.23 17.51 71.0 15.25 116
ITO/SnO,/CsPblI;-glycine/Spiro-OMeTAD/Ag 1.22 17.66 63.4 13.66 117

modulation and device optimization (Fig. 9c and d).”® Moreover,
they proceeded to seek out six polymers with different absorp-
tion ranges to blend with lead chalcogenide QDs, and the cor-
responding devices delivered the champion PCE of ~4.3% with
the promising polymer PDBT, which has presented comple-
mentary absorption with QDs."*® Despite the progress, all the
above efforts still cannot fulfill the potential of hybrid solar cells
due to the low performance and complex processing stemming
from the unfavorable SSLE process, which may destroy the
morphology of the hybrid QD:organic heterojunction and
simultaneously increase the complexity.

With the rapid progress of lead chalcogenide QD inks, more
and more research efforts have been devoted to the more
promising passivation with halide ligands, which can also offer
ideal building blocks for high-performance hybrid QD:organic
solar cells. Nevertheless, blending organics and QD inks still
remains an open challenge, which is mainly attributed to most
high-performance polymers that can only be dissolved in non-
polar solvents, incompatible with the highly polar QD inks. To
address this issue, Lu et al. developed a facile strategy to blend
PbS QDs and the polymer (Si-PCPDTBT) with the aid of n-
butylamine." Accordingly, the hybrid solar cells can offer
a broad spectral response into the NIR, resulting in a PCE of
4.8% under AM 1.5G illumination and deliver favorable carrier
transport between PbS QD and Si-PCPDTBT (Fig. 9e). Despite
the progress, compared with advanced phase transfer ligand
exchange (PTLE), the process only involves the simple post-
deposition treatment with PbI, ligands, which cannot
completely replace the insulating organic ligands, resulting in
poor QD passivation and therefore inferior photovoltaic
performance. Ongoing research efforts should pay more

This journal is © The Royal Society of Chemistry 2023

attention to develop the strategy of blending organics and PbS
QDs with halide ligands.

4.1.2 Perovskite QD:organic blends. Despite the end
capping of long ligands, perovskite QDs show a weak depen-
dence on the SSLE process owing to their large size and high
mobility. Moreover, the moderate treatment during the SSLE
process (generally with EtOAc) has little impact on the
morphology of organic:QD blending films.’*** On account of
these benefits, hybrid perovskite QD:organic solar cells hold
great potential for further performance improvement. To
advance the performance of perovskite CQSSCs, Xue et al.''®
introduced conjugated small molecules (ITIC) into perovskite
QDs during the ligand exchange process (Fig. 10a). They found
that the perovskite QDs and ITIC can form a favorable type-1I
heterojunction, which can provide an additional drive for
effective charge separation. The time-resolved photo-
luminescence (TRPL) decay profile of the developed QDs with
ITIC exhibited the markedly reduced relaxation time, indicating
faster carrier transport, which can significantly improve the
performance of hybrid QD:organic solar cells to ~13%
(Fig. 10b). Similarly, Yuan et al.'*® recently developed hybrid
perovskite QDs:organic solar cells with Y6 series non-fullerene
molecules, which can not only enable type-II energy align-
ment for efficient charge transfer but also reduce the surface
defects and energetic disorder of QDs. In addition, Hu et al.**®
also introduced fullerene molecule (PC4;BM) into perovskite
QDs during ligand exchange and found that the CsPbl; QD/
PCBM heterojunction can enable an energy cascade for effi-
cient charge transfer and mechanical adhesion, and endow
high photovoltaic and mechanical performance.

Perovskites QDs can also bring great benefits for the further
performance improvement of OSCs. In 2019, Guijarro et al.*>®
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Fig. 7 Chemical structures of some representative polymers and small molecules in hybrid QD and organic solar cells.

successfully introduced CsPbl; QDs into a donor-acceptor phase and reduce recombination, enabling the markedly
(PTB7-Th:PC,;BM) bulk heterojunction and demonstrated that improved photovoltaic performance (10.84% vs. 7.94%). In
perovskite QDs can improve exciton separation in the acceptor addition, a recent work by Zhan's group'® has demonstrated
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that the incorporation of perovskite QDs into organic bulk
heterojunction can dramatically increase the energy of the
charge transfer state, resulting in near-zero driving force and
improved V,. (Fig. 10c). Even at near-zero driving force, hybrid
QD: organic solar cells can still exhibit efficient charge gener-
ation than the control due to the formation of a cascade band
structure and the increased molecular ordering. Moreover, the
high dielectric constant of the perovskite QDs screened the
coulombic interactions and thereby reduced charge recombi-
nation, which can further improve the performance of hybrid
solar cells. With the benefit of perovskite QDs, the developed
hybrid solar cells with PM6:Y6 blends can achieve a markedly
improved PCE of 16.6% over the control (Fig. 10d). Despite the
progress, more research efforts are encouraged to develop

promising hybrid QD:organic solar cells, which may offer an
additional avenue for the further performance breakthrough of
OSCs.

We proceed to discuss the existing challenges for hybrid
QD:organic solar cells and the promising route for further
performance improvement. For lead chalcogenide QD:organic
hybrid systems, the main challenge is the inferior photovoltaic
performance, mainly stemming from the essential use of post-
treatment for ligand replacing, which will destroy the hybrid
QD:organic film due to the kinetically-hindered process.
Moreover, the developed co-dissolution strategy still exhibits
the inferior photovoltaic performance, which can be attributed
to the poor QD passivation from the simple postdeposition
treatment."” Accordingly, the developed high-polarity QD inks
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may emerge as promising candidates for hybrid QD:organic
solar cells, but it is highly essential to modulate the polarity of
QD inks for high miscibility. The pioneering work by Sargent's
group may shed further light on the development of non-polar
QD inks, which are expected to deliver further success for
hybrid QD:organic solar cells.®®*** For perovskite QD:organic
hybrid system, more attention should be paid to develop better
passivated QDs, which may further enhance the performance of
hybrid perovskite QD:organic solar cells. In addition, further
understanding of the morphology modulation for the hybrid
QD:organic film is the prerequisite for fast carrier transport
and, therefore, high photovoltaic performance. The well-
developed OSC bulk heterojunction may offer promising
inspirations the morphology control, e.g., miscibility analysis
with Flory-Huggins interaction parameter.'>”%'>

4.2 Bilayer structure

Compared to the preparation limit of bulk heterojunction,
hybrid QD:organic solar cells based on the bilayer structure
have been demonstrated to hold great potential for further
performance enhancement. According to the main function of
organic photovoltaic materials, QD/organic bilayer structures
can be divided into three types: (I) QDs for light absorption and
organics for HTLs, (II) QDs and organics coequally for light
absorption, and (III) organics, mainly for light absorption. On
the whole, organic photovoltaic materials for HTLs (type I) have
dominated the investigation of the bilayer structure owing to
their facile processing and efficient hole extraction. At present,
the performance of type II and III has not been fully demon-
strated due to less research efforts in the field. Nevertheless,
their great potential in enhancing the photovoltaic performance

1024 | J Mater. Chem. A, 2023, 11, 1013-1038

and stability may offer an additional opportunity for organic
solar cells.

4.2.1 Lead chalcogenide QD/organic structure. For lead
chalcogenide QDs, early research efforts on bilayer structure
have mainly focused on the existing organic HTLs from well-
developed perovskite solar cells, such as PTAA and P3HT,
which can only endow the moderate photovoltaic performance
with a record PCE of ~7.5%.'%'%* Our recent report demon-
strated that nonhalogenated solvent processing can boost the
PCE of PbS QD/P3HT hybrid solar cells up to 8.7%, setting a new
record for this type of hybrid solar cells.**® Further investiga-
tions have confirmed that the mismatch of energy landscape
between QDs and P3HT emerged as the major roadblock in
performance improvement. Polymers with low energy level
indeed delive faster hole transport, leading to the further
performance increase with PCEs of ~10% for PTB7,'%* ~10.3%
for PTB7-Th,**” 11.2% for PBDB-TF,**® and 11.5% for PBDTTPD-
HT.'*” More strikingly, PBDB-TF HTL recently delivered a high
PCE of ~12.8%, approaching the record photovoltaic perfor-
mance in the field, which indicates the great potential of poly-
mer HTLs." Baek et al. developed a hydro/oxo-phobic doped
organic HTL with robust and outstanding electrical properties,
which can protect the underlying PbS layer, deliver a PCE of
11.7%, and retain over 90% of the initial performance after 1
year storage under ambient conditions.*

Except for the existing polymer HTLs, some reports have
designed special polymer HTLs for high-performance hybrid
solar cells according to the detailed requirement from QDSCs
(Fig. 11a). Mubarok et al. recently developed a m-conjugated
polymer with push-pull structure, including a weakly electron-
withdrawing triisopropylsilylethynyl (TIPS) group and the weak
donor moiety benzodithiophene for fast hole extraction. The

This journal is © The Royal Society of Chemistry 2023
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designed m-conjugated polymer can deliver a champion PCE of
13.03%, significantly higher than that of previously reported
polymers.’” In addition, Kim et al. designed a new random
polymeric HTL (asy-ranPBTBDT) with the strong -7 stacking
face-on orientation and less lateral grain growth compared to
asy-PBTBDT, which can reduce charge recombination and
enhance device stability. Accordingly, the developed hybrid
solar cell exhibited a striking PCE of 13.2% and retained 89% of
its initial efficiency after 120 h continuous operation at
maximum power point (MPP), while the asy-PBTBDT counter-
part can only present a PCE of 11.4% and 71% degradation.'”
Moreover, the group proceeded to design a novel DPP-based
polymer HTL, PD2FCT-29DPP, with a strong electron accept-
ing moiety, and fluorinated BT to deepen the valence-band
level, leading to higher V,.."”*” The developed polymer formed
the favorable vertical aggregation from the strong face-on
oriented m-7 stacking, which can endow fast vertical charge
transport and therefore result in a significantly suppressed
bimolecular recombination. Furthermore, the absorption peak
near 800 nm of the designed polymer is leveraged for comple-
mentary absorption with lead chalcogenide QDs, which can
further raise the Js. to over 30 mA cm > (Fig. 11b and c).
Accordingly, the developed hybrid solar cells can achieve an FF
of 70.0% and a PCE of 14.0%, which are the champion values in
this field.

In a parallel vein, it is well-established that organic acceptors
generally exhibit the deep valence-band level, which can be
employed to simultaneously enhance light absorption and
deepen the whole energy landscape (Fig. 11d-f). Accordingly,
Ma's group recently reported an organic bulk heterojunction
composed of PTB7-Th blending with various n-type acceptors,
which can significantly improve the V. and ;. hybrid solar cells

This journal is © The Royal Society of Chemistry 2023

(type II)."”> The introduction of fullerene into organic HTLs can
improve the interfacial morphology, reduce leakage current and
device resistance, and enhance interfacial charge extraction,
therefore resulting in the significantly increased V,. and J,
which eventually endowed a high PCE of 12.02%. In addition,
another pioneering work on the QD/organic type II structure
reported that the small molecule acceptor, IEICO, can not only
offer complementary absorption with lead chalcogenide QDs
but also facilitate carrier transport between QDs and organic
HTLs, which jointly contributed to the markedly increased J¢..'”
Therefore, the developed hybrid solar cells exhibited a cham-
pion PCE of ~13.1%, significantly higher than that of organic-
only (8.0%) and QD-only (10.4%) counterparts. More strik-
ingly, the developed hybrid organic:QD solar cells can retain
over 90% of the initial PCE even after 3500 h storage under
ambient conditions without encapsulation and retain over 80%
of the initial performance after 150 h continuous MPP opera-
tion, significantly outperforming organic-only and QD-only
devices by a factor of 100 and 5, respectively. This superior
photostability mainly stems from the high-energy UV photons
that are absorbed in the bottom QD film before reaching the
organic bulk heterojunction, therefore markedly reducing the
photodegradation mechanism of OSCs.

Recently, our group developed a facile polymer blending
strategy for high-performance hybrid QD and organic solar cells
with enhanced V,. and J,..””"7*"® We developed the facile
brominated polythiophenes for the further breakthrough of
QD/polythiophene solar cells with type I structure.'”® The energy
level of polythiophene was markedly reduced, which can enable
a favorable energy landscape, fast carrier transport, and less
charge recombination. Accordingly, the photovoltaic perfor-
mance of QD/polythiophene solar cells was boosted from 8.7%
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to 11%, and the thermal stability reached a lifetime of over
400 h for 80% of the initial performance (Fig. 12a). Moreover,
brominated polythiophenes hold great application prospects in
perovskite solar cells and other emerging optoelectronic
devices. In addition, two benchmark conjugated polymers,
namely, PM6 and PTB7-Th, were employed in directly synthe-
sized QD devices, which presented favorable energy level
alignments. PTB7-Th shows complementary absorption with
the synthesized PbS QDs (type II structure). Moreover, the
transient absorption and photoluminescence results indicate
that the polymer blending strategy can endow fast hole trans-
port from QDs to polymers, enabling the markedly increased
photovoltaic performance to 13%. The underlying mechanism
can be explained from the “dilution effect” for top-notch
photovoltaic polymers with excessively strong aggregation
tendency, resulting in moderate feature domain size and
surface roughness, which can deliver higher photovoltaic
performance (Fig. 12b). This work highlights that aggregation-
suppressed polymer blends can offer a facile strategy toward
high-performance QD/organic solar cells.

Similarly, for hybrid solar cells with type III bilayer structure,
a thin QD film is generally introduced as the front layer for
OSCs, which can endow a facile route to address the open

1026 | J. Mater. Chem. A, 2023, 11, 1013-1038

challenge for OSC applications. Kim et al. presented a prelimi-
nary attempt to build hybrid solar cells with QD front layer and
organic bulk heterojunction to enhance their photostability.'”®
The results indicated that 13 nm-thick PbS QD layer can meet
the need for simultaneous enhancement of PCE and photo-
stability for the PTB7:PC,;BM blend. The developed hybrid
solar cells exhibited the significantly improved J. of ~17.0 mA
cm~? over the organic-only counterpart with a J;. of ~15.4 mA
cm 2, which mainly stems from the increased light absorption
from PbS QDs. Unfortunately, the photostability investigation
of hybrid solar cells was missing, which cannot reach the
persuasive conclusion that QD film can facilitate the stability
improvement of OSCs. Recently, Park et al. introduced narrow-
gap Indium Arsenide QDs as the main electronic transport layer
for OSCs with PM6:Y6 blends, which can deliver a PCE of
15.1%."7 Moreover, the operating stability of OSCs can be
significantly enhanced, retaining over 80% of the initial
performance after 1000 min continuous illumination in
ambient air, offering strong evidence for the enhanced stability
with QD films. More worldwide research efforts are required to
perform detailed investigations to address the challenge of OSC
stability.

This journal is © The Royal Society of Chemistry 2023
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4.2.2 AgBiS, QD/organic structure. In terms of the
commercial applications, the toxicity of QD materials contain-
ing lead and cadmium has significantly compromised their
great performance. To counter this issue, environment-friendly
QDs, e.g., AgBiS, QDs, have witnessed a great advancement in
the past few years."”*'*® Nearly all AgBiS, QD solar cells employ
promising QD/organic bilayer structures, which generally
exhibit great carrier transport. The commonly used organic
semiconductor PTB7 can enable high-efficiency carrier extrac-
tion, resulting in high FF and J,, even with an active layer
thickness of ~30 nm. In 2016, Konstantatos' group developed
the first high-performance AgBiS, QD solar cells with QD/PTB7
bilayer structures, which can deliver a PCE of 6.3% with only
a 35 nm QD layer.*® The following research efforts have been
devoted to reducing the energy loss of this kind of solar cells
from QD synthesis and passivation, which still cannot make
further performance breakthrough.>>'** For instance, the group
further developed a synthetic route to prepare larger-size AgBiS,
QDs with higher mobility and lower trap density, which present
enhanced /. and reduced energy loss (Fig. 13a-c).** In 2020, Bae
et al. developed promising AgBiS, QD inks with Agl and Bil;
passivation via solution-phase ligand exchange.”® The devel-
oped solar cells exhibited a record V, of ~0.55 V but a low PCE
of ~4.0%.

Recently, Konstantatos' group further made a great break-
through in AgBiS, QD solar cells with cation disorder engi-
neering and the promising organic semiconductor PTAA.> They
found that cation disorder engineering can lead to the
increased absorption, thus enhancing the J;. to ~27.0 mA cm 2.
Moreover, they employed the promising PTAA to replace the
commonly used PTB7 and further enhance the PCE to over 9%
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with a certified efficiency of 8.85% (Fig. 13d-f). The group
further developed AgBiS, QD inks with 3-mercaptopropionic
ligands, which can process with environment-friendly water,
resulting in a PCE of 7.3% with a PTAA interface layer.>® A recent
work by Lee's group revealed that the performance of the AgBiS,
QD/organic hybrid solar cells can be also enhanced by intro-
ducing PM6:BTP-4Cl blend. They employed the commonly used
ligands, tetramethylammonium iodide and 2-mercaptoethanol,
to provide the great passivation of AgBiS, QDs, which could
deliver a high PCE of ~9.1% (Fig. 13g-i).”” Despite this great
advancement, the photovoltaic performance of AgBiS, QD solar
cells still lagged far behind those of lead chalcogenide QD solar
cells (over 15% (ref. 181)) and perovskite QD solar cells (over
17% (ref. 75)). More research efforts are encouraged for further
performance breakthrough of such environment-friendly QD
solar cells.

4.2.3 Perovskite QD/organic structure. Due to the non-
complementarity of absorption and great differences in elec-
trical properties, hybrid perovskite QD/organic solar with
bilayer structure mainly employ type I structure. Early reports
generally employed the conventional Spiro-OMeTAD as HTLs
for perovskite QDSCs and indeed achieved high photovoltaic
performance.***> Nevertheless, the stability issues caused by the
complex doping and oxidation processes required by Spiro-
OMeTAD have placed great restrictions on their commercial
applications.'® Moreover, the devices with Spiro-OMeTAD
generally exhibit the serious hysteresis effect, leading to great
PCE difference in forward and reverse scanning directions.”'#?
Another organic HTL, poly(triarylamine) (PTAA), has been
widely used in perovskite solar cells and can enable high
photovoltaic performance and stability."****>8*
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Fig. 13 The device structure and performance of hybrid AgBiS, QD/organic solar cells with bilayer structure. (a) Device structure of hybrid solar
cell with PTB7 HTL. (b) The EQE of hybrid AgBiS, QD/PTB7 solar cells. (c) J-V curves of the hybrid solar cells with PTB7 HTL. (d) Device structure
of the hybrid solar cell with PM6 HTL. (e) The EQE of hybrid AgBiS, QD/organic solar cells, including PM6 and PM6:BTP-4ClL. (f) J-V curves of the
hybrid solar cells with different HTLs. (a—c) Reproduced with permission from ref. 54 Copyright 2020, Elsevier. (d—f) Reproduced with permission

from ref. 56 Copyright 2022, Wiley.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 1013-1038 | 1027


https://doi.org/10.1039/d2ta07671c

Published on 29 November 2022. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 2/7/2023 7:06:07 AM.

Journal of Materials Chemistry A

View Article Online

Review

10000 -
I CsPbis QD film
8000 I +Spior-OMeTAD
+P3HT
. +PTB7
g 6000
g 4000
w
2000 !
0 ‘ I
0 3 6 9 12 15
Lifetime (ns)
: T v ™
o CsPbls(1.05 ns)
‘ ® CsPbls+PBDB-T (0.85 ns) 83.2°
-~ 10° | FAPbI3 (3.47 ns)
3 FAPbI3+PBDB-T (1.92 ns) §
«
2
‘@
c
2
£
Polymer-QD F‘oge\”‘ g

Bulk heterojunction

25 3.0 35

Decay Time (ns)

Fig. 14 The device structure and performance of hybrid perovskite QD/organic solar cells with bilayer structure. (a) Device structure of the
hybrid solar cell with polymer HTL. (b) Lifetime of QD/polymer heterojunction. (c) J-V curves of the hybrid solar cells with different polymer
HTLs. (d) Device structure of the hybrid solar cell with the polymer-QD bulk-heterojunction HTL. (e) Lifetime of the QD/polymer heterojunction
with/without introducing the polymer. (f) The contact angles between water droplets and perovskite QDs with/without introducing the polymer.
(a—c) Reproduced with permission from ref. 183 Copyright 2018, Elsevier. (e—f) Reproduced with permission from ref. 185 Copyright 2020, The

Royal Society of Chemistry.

Except for the commonly used organic HTLs in the perov-
skite field, organic photovoltaic materials also exhibit great
potential for hole extraction. In 2018, Yuan et al.*®® reported that
undoped conjugated polymers, e.g., P3HT, PTB7, and PTB7-Th,
can achieve a dense and crystalline film under ambient condi-
tions without high-temperature annealing, which is favorable
for commercial applications (Fig. 14a). Time-resolved confocal
imaging results demonstrated that the perovskite QD/PTB7
structure presented the shortest lifetime, indicating faster
carrier extraction (Fig. 14b). With this benefit, the developed
hybrid perovskite QD/organic solar cells achieved a high
photovoltaic performance with almost no hysteresis (Fig. 14c).
In addition, the group further developed a polymer-QD bulk
heterojunction hybrid layer coating between the organic HTL
and perovskite QD layer, which can improve interfacial charge
transfer and reduce carrier recombination loss, resulting in the
shorter lifetime and markedly improved photovoltaic perfor-
mance (Fig. 14d-e)."®® Moreover, the polymer-QD bulk hetero-
junction exhibited higher moisture resistance with enhanced
contact-angle, indicating the change in the QD films from
hydrophilicity to hydrophobicity (Fig. 14f).

From the above discussion, we can hold that the type I
bilayer structure enabled the significant performance
enhancement of hybrid QD:organic solar cells with champion
PCEs of 14% and 16.6% for lead chalcogenide and perovskite
QDSCs, respectively.’*>*” Further performance breakthrough
requires the improved QD passivation and the matching
between QDs and organic HTLs. Crucially, the in-depth
understandings of the impact of QD and organic interface on
photovoltaic performance may also facilitate the performance
and stability of hybrid solar cells. In addition, there exist
extremely few reports on type II and type III bilayer structures,

1028 | J Mater. Chem. A, 2023, 1, 1013-1038

which however can offer a promising route for addressing the
challenge of OSC stability. Especially with the increasing OSC
performance even up to ~20%,"® the UV instability proves to be
the critical limit of their commercial applications. Therefore,
hybrid solar cells with QDs and high-efficiency organic blends
are expected to contribute to the further success in the photo-
voltaic field.

4.3 Tandem structure

Tandem structures are one of the ideal building blocks to break
through the Shockley-Quesser limit of solar cells and have
delivered great success in various solution-processing photo-
voltaics.*'¥*%¢ The unprecedented success of solar cells with
tandem structures mainly stems from their superiority that the
structure can decouple light absorption and carrier transport,
which has been demonstrated to be extremely difficult for single
solar cells. Therefore, tandem solar cells can harvest more solar
energy without compromising carrier extraction, which can
endow the significantly higher photovoltaic performance.
Accordingly, tandem OSCs and PSCs have achieved champion
PCEs of over 20% and 29.0%, respectively,'**'*'* while that for
QD-only tandem solar cell lagged behind with a moderate PCE
of ~9%.""**> Nevertheless, the broad absorption tunability of
lead chalcogenide QDs has endowed great potential for tandem
structure with organics, which generally cannot harness short-
wave solar radiation. Due to the non-complementarity of
absorption for perovskite QDs and organic photovoltaic mate-
rials, there exist no reports on tandem perovskite QDs and
organic solar cells. In this section, we mainly focus on the
tandem structure with lead chalcogenide QDs and organics,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta07671c

Published on 29 November 2022. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 2/7/2023 7:06:07 AM.

Review

and provide a detailed discussion on the recent progress and
existing challenges.

For organic and QD tandem solar cells, there exist two
general combination routes in terms of light absorption, ie.,
with/without complementary absorption for the valley of lead
chalcogenide QDs. The superiority of narrow absorption peak of
organic photovoltaic materials has laid the foundation for
hybrid tandem organic:QD solar cells. Early tandem organic:QD
devices generally employed broadband polymer donors and
acceptors, which can hardly achieve complementary absorption
with the notorious valley of QDs.**'** Integrating QDs with
organic bulk heterojunction can mainly broaden the range of
solar energy harvesting, which can only slightly improve the
photovoltaic performance over single organic and QD subcells.
Kim et al. employed two blend systems, PBDTTT-C-T:PC,;BM
and PTB7:PC,;BM, as the back-cells, which were tandem with
the low-bandgap QD front-cell."* After optimizing the inter-
mediate recombination layer (MoO,/ZnO/PFN), hybrid tandem
solar cells can achieve a high V,. of ~1.3 V, approaching the
sum of the individual subcell voltages. Despite this benefit, the
developed tandem solar cells can only deliver a low PCE of ~5%,
which was even inferior to that of the organic subcell. The poor
performance can be mainly attributed to the extremely low J,. of
~6 mA cm 2, which stemmed from the moderate carrier
extraction and relatively thin active layer of the subcells.
Subsequently, Aqoma et al. developed hybrid tandem solar cells
with PTB7-Th:PC,;BM back-cell and low-band QD front-cell,
which presented a slightly higher PCE of ~8.3% compared to
the performance of the corresponding OSC-only and QD-only
solar cells. The higher tandem performance can be attrib-
uted to the improved J;. of ~10.36 mA cm ™2, mainly stemming
from partial complementary absorption in the visible band and
the optimized intermediate recombination layer (MoO,/Au/
ZnO).

Moreover, the performance of hybrid tandem solar cells can
be further improved by modulating the carrier transport of
individual subcells. Li et al. also employed PTB7-Th:PC,;BM
back-cell and low-band QD front-cell to develop hybrid tandem
solar cells with the introduction of the promising QD HTL into
the QD subcell to enhance carrier extraction, thereby resulting
in an improved FF of 74.1% and PCE of ~9.12%, which is
significantly higher than those of the two subcells.> From the
above discussion, PTB7-Th and fullerene acceptors have been
regarded as the model organic blend for hybrid tandem solar
cell, which generally employ organic blends as back-cells due to
the destruction of QD with the SSLE process on organic sub-
cells. With regard to this issue, Kim et al. modified the process
of QD deposition and developed a robust intermediate recom-
bination layer (MoO,/Au/AZO), which jointly enabled the model
organic blend as the front-cell.*® The developed hybrid tandem
solar cells presented the improved thickness of the two subcells
with 200 nm thick PTB7:PCs;BM blend layer and 300 nm PbS
QD layer, which yielded a high J;. of ~12.6 mA cm > and a state-
of-the-art PCE of 9.4%, substantially higher than those of the
two subcells. Despite the great progress endowed by the PTB7-
Th donor, the missing complementary absorption between
the organic blends and QDs still placed great restrictions on the

This journal is © The Royal Society of Chemistry 2023
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further progress of hybrid tandem solar cells. Low-bandgap
polymers may offer the benefits of complementary absorption
for tandem solar cells. Kim et al. further introduced low-band
PDPP3T with the absorption peak covering the whole absorp-
tion valley of PbS QDs into the organic blend with fullerene
acceptors.”” Nevertheless, the developed hybrid tandem solar
cells only exhibit a moderate photovoltaic performance of 7.9%,
mainly due to the inferior performance of PDPP3T-base subcell
with a low Jg.

Owing to the lack of favorable organic blends and imperfect
QD passivation, hybrid tandem solar cells encountered a brief
stagnation until the development non-fullerene acceptors and
high-performance QD inks. Early attempts on low-band poly-
mer for complementary absorption were declared to fail in
improving the photovoltaic performance of hybrid tandem solar
cells. Some pioneering reports introduced low-band acceptors,
e.g., IEICO-4F, for the absorption of QD valley and were
successful for hybrid tandem solar cells. Aqoma et al. employed
the PTB7-Th:IEICO-4F blend as the back-cell and high-
performance QD inks for the front-cell, which can offer more
facile processing (Fig. 15a)."®® Accordingly, the individual
organic and QD solar cells can exhibit PCEs of ~11.0% and
11.2%, respectively, significantly higher than the previous
reports. Through transfer-matrix modeling, the champion J,. of
~14.0 mA cm ™ can be achieved with the QD and organic blend
of ~370 nm and 130 nm, which indicated the great promise of
the developed hybrid tandem solar cells (Fig. 15b). With the
large-band QD (~1.45 eV), the champion photovoltaic perfor-
mance of ~12.8% was obtained with great complementary
absorption with a record J,. of ~13.6 mA ¢cm™> (Fig. 15c).
Further modeling revealed that hybrid solar cells can exhibit
promising potential to achieve over 15% PCE by reducing the
energy loss of QD subcell and enhancing the light harvesting of
organic subcell. Despite the great progress, hybrid tandem solar
cells still cannot outperform state-of-the-art QDSCs with the
PCE approaching 14%. To bridge the gap, Kim et al. developed
the hybrid tandem solar cell with PTB7-Th:IEICO-4F blend as
the back-cell and PbS QD inks as the front-cell, which can offer
significantly higher photovoltaic performance according to the
previous report (Fig. 15d)."*° After optimizing the thickness of
90 nm and 450 nm for organic and QD subcells, the modeling
champion J,. of ~16.0 mA cm 2 was achieved with the intro-
duction of organic blend HTL for QD subcell (Fig. 15e).
Accordingly, the developed hybrid tandem solar cells can
deliver a record J,. of ~15.2 mA ecm~ > and a champion PCE of
~13.7%, which outperformed the most advanced QDSCs for the
first time (Fig. 15f).

We proceed to present the existing challenges for the further
advancement of hybrid tandem solar cells and the corre-
sponding promising routes to bridge the gap. Compared with
organic-only tandem solar cells with a PCE of ~20%,"*® hybrid
tandem solar cells with organics and lead chalcogenide QDs
still lag far behind, mainly due to the large energy loss and the
inferior FF. Accordingly, further improving QD passivation may
contribute a lot to the reduction of the main energy loss from
trap recombination, which is expected to significantly enhance
the V,. of hybrid tandem solar cells. In addition, seeking out the
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Fig. 15 The device structure and performance of hybrid QD/organic solar cells with tandem structure. (a) and (d) Device structure of hybrid
tandem solar cell with QD front cell and organic back cell. (b) and (d) Modeling Jsc with the thickness dependence of QD and organic subcells. (c)
and (e) EQE spectra of the front and back cells for hybrid tandem solar cells. (a—c) Reproduced with permission from ref. 198 Copyright 2020,
Wiley. (d—f) Reproduced with permission from ref. 199 Copyright 2020, Wiley.

favorable polymer donors (PM6 etc.) and non-fullerene accep-
tors (Y6 derivatives) can not only present great complementary
absorption but also achieve fast exciton dissociation, which will
facilitate the simultaneous improvement of J,. and FF.*® More-
over, unfavorable intermediate recombination layer remains
another open challenge, which places great restrictions on
further performance improvement of hybrid tandem solar cells.
Various ETLs and HTLs from PSCs, OSCs, and QDSCs may offer
a promising recombination layer for the tandems. We further
provide a summary of the performance of some representative
hybrid solar cells (Table 2).

5. Summary and outlook

With regard to the rapid progress of solution-processing solar
cells, QDs with broad tunability of bandgap and size-dependent
optical and electrical properties can offer the unparalleled
benefits for hybrid strategy with organic or perovskite solar
cells. Herein, we presented a detailed review covering the recent
progress in developing high-performance and high-stability
hybrid solar cells with the aim to advance their commercial
applications. We firstly discuss in detail the working principles
of hybrid QD and organic solar cells, revealing the fundamen-
tals for the combination of QDs and organic photovoltaic
materials. Subsequently, we provided an in-depth discussion on
QD passivation with organic ligands to further enhance the
performance of QDSCs. In addition, hybrid QD and organic
solar cells with bulk-heterojunction, bilayer, and tandem
structures are systematically summarized to offer some critical

1030 | J. Mater. Chem. A, 2023, 11, 1013-1038

insights for further advancing the commercial applications of
hybrid solar cells. Bilayer structures have delivered great
success and are expected to further advance the photovoltaic
performance of QDSCs and facilitate the large-scale applica-
tions. We also highlight the great promise of hybrid solar cells
based on bulk-heterojunction and tandem structure, which can
offer favorable routes to address the stability issues for OSCs.
Despite the rapid progress, there still remain some open chal-
lenges for further performance and stability improvement of
hybrid solar cells, we proceed to present a brief discussion of
the challenges and offer our insights into the corresponding
research directions (Fig. 16).

5.1 QD passivation

For lead chalcogenide QDs and AgBiS, QDs, there still exists
a high defect density, resulting in severe nonradiative recom-
bination and low open-circuit voltage.>*'****” Therefore, it is
highly essential to devote more research efforts to developing
new passivation strategies to further reduce defect density.”**>*
Organic ligands have offered great benefits for QD passivation,
which were mainly used to develop high-performance QD HTLs.
On the other hand, perovskite QDs have witnessed unprece-
dented progress with the advance of surface passivation.
Compared with lead chalcogenide QDs, more and more efforts
have centered at developing organic ligands for perfect QD
passivation, which can markedly enhance the photovoltaic
performance of perovskite QDSCs. Despite the great progress,
the performance of perovskite QDSCs still lagged behind their
bulk counterparts. Moreover, QD stability in solutions and films

This journal is © The Royal Society of Chemistry 2023
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Table 2 The performance of QD and organic hybrid solar cells, including bulk heterojunction, bilayer, and tandem structures

Solar cell structure

Voe (V) Jse (MA cm™?) FF (%) PCE (%) Ref.

Bulk-heterojunction ITO/PDPPTPT:PbS-BDT/LiF/Al 0.47 12.5 49.0 2.9 200
ITO/PEDOT:PSS/P3HT:PbS-ArS/LiF/Al 0.56 10.8 50.0 3.0 153
ITO/PEDOT:PSS/PSBTBT:PbS, ;Se, ;~EDT/ZnO/Al 0.43 14.9 53.0 3.4 201
ITO/PEDOT:PSS/PSBTBT:PbS-EDT/BCP/Mg/Ag 0.63 10.8 51.0 3.4 202
ITO/PEDOT:PSS/PDTPBT:PbS-EDT/TiO,/LiF/Al 0.57 13.1 51.0 3.78 155
ITO/PEDOT:PSS/PDBT:PbS-BDT/LiF/Al 0.55 13.3 57.0 4.23 156
ITO/PEDOT:PSS/Si-PCPDTBT:PbS-Pbl,/ZnO/Al 0.48 18.2 55.0 4.78 157
ITO/PEDOT:PSS/P3HT:P3HT-b-PS:PbS-BDT/LiF/Al 0.57 16.2 53.2 4.91 154
ITO/PEDOT:PSS/PDTPBT:PbS, 4Se, -BDT/LiF/Al 0.57 14.7 66.0 5.5 78
FTO/TiO,/CsPbl;:Y6/PTAA/M0O;/Ag 1.26 15.8 75.3 15.05 119
ITO/SnO,/FAPbI,:ITIC/Spiro-OMeTAD/Ag 1.1 154 748 127 118
ITO/SnO,/CsPbI;:PCBM/CsPbl,/PTB7/M0O,/Ag 1.26 15.2 78.0  15.1 158
ITO/ZnO,/PTB7-Th:PC,;BM:CsPbI;/M00;/Ag 0.81 19.1 65.9 10.84 159
ITO/ZnO,/PM6:Y6:CsPbl;/MoOs/Ag 0.84 27.2 72.5 16.6 160

Bilayer structure ITO/ZnO/PbS-BDT/PCPDTTBTT/M0O,/Ag 0.63 13.0 52.0 4.22 203
ITO/PEDOT:PSS/PDTPBT/PbSe-BDT/LiF/Al 0.58 16.9 49.4 4.83 204
FTO/TiO,/PbS-MPA/P3HT/Au 0.56 18.9 48.2 5.09 163
FTO/ZnO/PbS-CTAB/BTPA-4/Au 0.44 27.0 46.5 5.55 205
ITO/PEDOT:PSS/PbS/PTB7:PC,,BM/Al 0.74 17.0 66.0 8.3 176
FTO/ZnO/PbS-1/P3HT/Au 0.58 18.4 70.0 7.5 164
ITO/ZnO/PbS-1 QD/PbS-MPA+ p-MeO-TPD/Ag 0.52 28.4 61.8 9.13 43
ITO/ZnO/PbS-1/PTB7/M00O,/Ag 0.57 27.9 60.0 9.6 166
ITO/ZnO/PbS-MPA/a-6T/PEDOT:PSS/Au 0.57 25.6 62.7 9.2 206
ITO/ZnO/PbS-1/PM6/M0O,/Ag 0.60 28.4 65.8 11.2 168
ITO/ZnO/PbS-1 QD/PTB7-Th:PC,;BM/M0O;/Ag 0.65 27.9 66.2  12.0 172
ITO/ZnO/PbS-1 QD/PBDTTPD-HT/M0O;/Ag 0.63 27.4 67.1 11.5 167
ITO/ZnO/PbS-GuPbl;/PM6/MoO;/Ag 0.62 31.8 65.1 12.8 169
ITO/ZnO/PbS-1/TIPS-TPD/M0O;/Ag 0.66 28.8 69.0 13.0 170
ITO/ZnO/PbS-1/PBDTTT-E-T:IEICO/M0O;/Ag 0.66 29.6 67.0 13.1 173
ITO/ZnO/PbS-1/asy-ranPBTBDT/MoO;/Ag 0.64 29.6 64.1 13.2 171
ITO/ZnO/PbS-1/PD2FCT-29DPP/M0O;/Ag 0.66 30.3 70.0 14.0 137
FTO/TiO,/CsPbI;-EtOAc/Spiro-OMeTAD/M0O;/Al 1.23 13.47 65.0 10.77 51
FTO/TiO,/CsPbl;-FAI/Spiro-OMeTAD/MoO;/Al 1.16 15.25 76.63 13.43 52
FTO/TiO,/CsPbI;-TPPI/PTAA/Mo00O;/Ag 1.20 15.2 74.5 13.55 113
FTO/TiO,/CsPbl;~GASCN/PTAA/Mo0O;/Ag 1.25 15.85 76.7 15.2 110
FTO/TiO,/CsPbI;-DPA/PTAA/ MoOs/Ag 1.24 15.84 75.5 14.9 115
FTO/TiO,/CsPbl;/P3HT/Mo0O;/Ag 1.23 10.91 73.0 9.82 183
FTO/TiO,/CsPbl;/PTB7/M00Os/Ag 1.27 12.39 80.0 12.6 183
FTO/TiO,/CsPbl;/P3HT/Mo0O;/Ag 1.24 11.05 78.0 10.6 183

Tandem structure ~ FTO/TiO,/PbS QD/Mo00O;/ZnO/PFN PTB7:PCs;BM/Mo00O;/Ag 1.25 6.1 69.2 5.3 194
ITO/AZO/PbS QD/Mo00O;/Au/PFN PDPP3T:PCs;BM/M0O;/Ag 1.25 9.3 67.2 7.9 197
ITO/ZnO/PbS QD/M00;/Au/ZnO PTB7-Th:PC,,BM/M00;/Ag 1.27 10.4 63.0 8.3 193
ITO/INZnO/PbS-1/PbS-EDT QD/M00;/Au/ZnO/PTB7-Th:PC,; BM/M00;/Ag 125 9.9 741 912 195
ITO/ZnO/PTB7:PC,;BM/M00;/Au/AZO/PbS QD/M00O;/Au/Ag 1.31 12.5 56.7 9.4 196
ITO/ZnO/PbS-1/PbS-EDT QD/Au/ZnO/PTB7-Th:IEICO-4F/Mo00O3/Ag 1.36 13.6 69.0 12.8 198
ITO/ZnO/PTB7-Th:IEICO-4F/M00O;/Au/AZO/PbS QD/PTB7-Th:IEICO-4F/M00Os/Ag 1.34 14.6 68.1 13.3 199

in ambient conditions should also draw more attention.
Therefore, more facile organic ligands are encouraged to be
developed for perovskite QDSCs, especially with iodized organic
molecules, which can provide additional iodine ions for iodine
vacancy of perovskite QDs.

5.2 PbS QD/organic

Recently, hybrid PbS QD/organic solar cells have achieved
a great performance breakthrough from ~13% to over 15% with
the organic materials (PMMA:PCBM and PMMA-GO) for inter-
face modification.”® This breakthrough revealed the great
potential of organic materials for performance advancement of

This journal is © The Royal Society of Chemistry 2023

hybrid solar cells. Hybrid PbS QD/organic solar cells generally
employ bulk heterojunctions and bilayer structures. PbS QD/
organic bulk heterojunctions can form the favorable energy
landscape and complementary absorption, indicating the
promising potential for photovoltaic performance improve-
ment. The existing main challenge is the inferior photovoltaic
performance, mainly stemming from the essential use of post-
treatment for ligand replacing, which will destroy hybrid
QD:organic film due to the kinetically hindered process. The
emerging co-dissolution strategy may contribute to the further
performance improvement. For bilayer structures, type I ones
have enabled the significant performance enhancement of
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Fig. 16 Summary of the challenges and research directions for the further performance improvement of hybrid solar cells.

hybrid QD/organic solar cells. Further performance break-
through requires the improved QD passivation and the match-
ing between QDs and organic HTLs. The in-depth
understanding of the impact of QD and organic interface on
photovoltaic performance may also facilitate the performance
and stability of hybrid solar cells. Especially with the increasing
OSC performance even up to ~20%, the UV instability proves to
be a critical limitation of their commercial applications.*®

5.3 AgBiS, QD/organic

The European Restriction of Hazardous Substances has limited
the use of heavy-metal materials in electronics. The limit of lead
element is 1000 ppm by weight of the devices, which has placed
great restrictions on the commercial applications of lead chal-
cogenide QDs and lead-based perovskite QDs. Accordingly,
nontoxic QD materials, e.g., AgBiS, QDs, exhibit great market
competitiveness in the near future. Recently, AgBiS, QD solar
cells have made a breakthrough in photovoltaic performance
from ~6.0% to over 9.0% with great passivation and the
matched organic semiconductors.***® Nevertheless, the perfor-
mance still lags far behind those of PbS and perovskite QD
counterparts, mainly stemming from high energy loss. More
efforts should be devoted to improving the passivation of AgBiS,
QDs and developing favorable organic HTLs. We can draw some
inspirations from the promising strategies from PbS QDs.

5.4 Perovskite QD/organic

Hybrid perovskite QD/organic solar cells have witnessed great
advances from ~10% to over 16% in the past few years. The top-
notch perovskite QD/organic solar cells generally employ bilayer
structure and bulk heterojunction for fabricating high-
performance devices. The bulk heterojunction can not only
provide perfect QD passivation for high-performance QDSCs,
but also offer an additional path for the further efficiency
breakthrough of OSCs. A better understanding of the
morphology modulation for the hybrid QD:organic film is ex-
pected to further advance the performance of hybrid solar cells.
For bilayer structures, the commonly used organic materials,

1032 | J Mater. Chem. A, 2023, 11, 1013-1038

spiro-OMeTAD and PTAA still place some restrictions on the
further advances of hybrid perovskite QD/organic solar cells.
The promising conjugated polymers may hold great potential in
further enhancing the performance of hybrid solar cells.””**

5.5 Tandem QD/organic cells

The broad absorption tunability of QDs has endowed great
potential for tandem structure with organic materials,>*>"
which generally cannot harness short-wave solar radiation.
Nevertheless, hybrid tandem solar cells with organics and QDs
still lag far behind organic-only tandem solar cells with a PCE of
~20%."%¢ Accordingly, further improving QD passivation may
contribute a lot to the reduction of main energy loss from trap
recombination, which is expected to significantly enhance the
Voe Of hybrid tandem solar cells. In addition, favorable polymer
donors and non-fullerene acceptors can offer great comple-
mentary absorption and fast exciton dissociation, facilitating
both the improvement of J,. and FF.>'®*?*> Another open chal-
lenge may be the unfavorable intermediate recombination
layer, which places great restrictions on further performance
enhancement of hybrid tandem solar cells. Various ETLs and
HTLs from the emerging solution-processing solar cells may
offer promising recombination layers for tandem solar cells.

In brief, QDs with broad tunability of optical and electrical
properties can enable unparalleled advantages for the hybrid
strategy with OSCs. We believe that the above research direc-
tions can enable the further performance and stability
improvement of hybrid solar cells and thereby advance the
progress toward commercialization.?*®
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