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Heavy-Metal-Free Colloidal Quantum Dots: Progress and

Opportunities in Solar Technologies

Lei Jin,* Gurpreet Singh Selopal,* Xin Tong, Dmytro F. Perepichka, Zhiming M. Wang,*

and Federico Rosei*

Colloidal quantum dots (QDs) hold great promise as building blocks in solar
technologies owing to their remarkable photostability and adjustable
properties through the rationale involving size, atomic composition of core
and shell, shapes, and surface states. However, most high-performing QDs in
solar conversion contain hazardous metal elements, including Cd and Pb,
posing significant environmental risks. Here, a comprehensive review of
heavy-metal-free colloidal QDs for solar technologies, including photovoltaic
(PV) devices, solar-to-chemical fuel conversion, and luminescent solar
concentrators (LSCs), is presented. Emerging synthetic strategies to optimize
the optical properties by tuning the energy band structure and manipulating
charge dynamics within the QDs and at the QDs/charge acceptors interfaces,
are analyzed. A comparative analysis of different synthetic methods is

be decreased through advanced sustain-
able energy practices.?l Semiconductors
play a crucial role in solar-electrical or
solar-chemical energy conversion, serving
as photoabsorber materials that absorb
photons, generate excitons (electron-hole
pairs), and facilitate charge separation.l’]
Colloidal quantum dots (QDs), which are
semiconductor nanocrystals capped with
surfactant molecules,*! offer advantages
such as solution processing and quantum
confinement, allowing precise modulation
of their optoelectronic properties by adjust-
ing their size and shape without altering
chemical bonds.>* With a broad absorp-

provided, structure-property relationships in these materials are discussed,
and they are correlated with the performance of solar devices. This work is
concluded with an outlook on challenges and opportunities for future work,
including machine learning-based design, sustainable synthesis, and new

surface/interface engineering.

1. Introduction

Due to its relative abundance, sustainability, carbon neutrality,
and cost-effectiveness, solar energy stands out as a promising
renewable energy source. The Earth receives solar radiation of
~173 000 terawatt hours (TWh) per hour, capable of satisfying
global energy consumption annually.!l By harnessing solar radi-
ation and converting it into usable forms such as electricity and
clean chemical fuels, our dependence on limited fossil fuels can

tion range (300-2000 nm) and large ab-
sorption cross-sections, QDs demonstrate
excellent solar-light harvesting capabilities.
The potential for multiple exciton gener-
ation (MEG)P! and hot-electron extraction
before thermalization!®! raises the prospect
of exceeding the Shockley-Queisser limit of
32.7%!") in the PCE of single-junction pho-
tovoltaic (PV) devices. Combined with their
abundant surface binding sites, high photoluminescence quan-
tum yield (PLQY), and straightforward surface functionalization,
colloidal QDs are increasingly employed in solar energy conver-
sion technologies, including PV devices,®! solar-driven fuel pro-
duction (e.g., H, generation, CO, photoreduction)!®! and lumi-
nescent solar concentrators (LSCs).['% Notable achievements in-
clude the development of a PbS QD-based photoelectrochem-
ical (PEC) cell with a peak external quantum efficiency (EQE)
exceeding 100% for PEC H, evolution reactions,®* a quantum
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Figure 1. a) The elements commonly utilized in QDs are depicted in colors that indicate their toxicity levels. Red signifies highly toxic, yellow denotes
non-toxic at small amounts but highly toxic at high doses, and green shows relatively non-toxic. b) The solar spectrum (AM 1.5G, 100 mA cm~2, grey
area) and optical spectra range of some representative heavy-metal-free QDs. c) Colloidal core/shell QDs and their solar applications: solar cells, solar-

chemical fuel conversion, and LSCs.

efficiency (QE = 2Nyy,/N,,,, where Ny, is the number of elec-
trons per sec and N, is the number of photons per sec) of 100%
for PEC cells based on Pt-tipped CdSe/CdS QDs,['!l a certified
PCE of 18.1% for perovskite QD-based solar cells,'?l and un-
precedented optical efficiencies of LSCs based on CdSe/CdS,**]
CdSe/Cd,_Zn S,[*" and PbS/CdS QDs.[*) However, the pres-
ence of hazardous metal contents (e.g., Pb or Cd) in most high-
quality QDs is a major unresolved challenge,!'! severely limiting
their commercial-scale applications.

Since the 1990s, there has been consistent advancement in
the fabrication of heavy-metal-free QDs,!'”] which are composed
of elements lacking certain toxic heavy metal elements, includ-
ing Cd, Pb, Hg, and As etc. (Figure 1a). Table 1 lists the rep-
resentative heavy-metal-free QDs for solar energy conversion.
Recent efforts have improved our understanding of these sys-
tems, including studies on surface chemistry,!®] electron and
hole relaxation,!*®! the distribution of trap states,!?’] and the ori-
gin of PL emission in binary!?!l and ternary!??l QDs. However,
the heavy-metal-free QDs are still in their early developmental
phases, with their overall efficiency in solar energy conversion
trailing behind that of Pb- and Cd-based counterparts. Pb- and
Cd-based QDs boast advantageous bandgap characteristics and
superior optoelectronic properties, including broad light absorp-
tion extending into the infrared spectrum, narrow emission spec-
tra, high PLQY, and unique band alignment conducive to efhi-
cient carrier dynamics. Consequently, the synthesis of Pb- and
Cd-based QDs has undergone extensive research over several
decades, involving meticulous material selection, advanced sur-

face passivation techniques, and optimization of synthesis pro-
tocols. Conversely, the synthesis techniques of heavy-metal-free
QDs are still at an early stage of development, necessitating fur-
ther optimization. Additionally, a significant knowledge gap ex-
ists regarding the intricate mechanisms underlying the synthe-
sis of heavy-metal-free QDs and their optical/electronic proper-
ties. Furthermore, integrating heavy-metal-free QDs into opto-
electronic devices requires compatible device architectures and
processing methodologies. In this context, several outstanding
challenges are in need to be addressed for heavy-metal-free QDs:
i) enhancing the light-harvesting capability of QDs to better align
with the solar spectrum (Figure 1b); ii) improving charge sepa-
ration at QDs/charge acceptor interfaces; iii) facilitating charge
transfer/transport for conversion of solar energy into electricity
or clean fuels; iv) separating the absorption and emission spec-
tra to eliminate the self-absorption energy loss; v) minimizing
the undesirable non-radiative charge recombination; vi) enhanc-
ing the long-term stability of QDs. To address these challenges,
substantial efforts were concentrated on improving the optical
properties of QDs,[?*) crafting cooperative downshifting layers to
bolster light absorption,**l and formulating surface ligands to
simultaneously enhance charge extraction and ensure the pro-
longed stability of QDs.[?]

The last decades have witnessed a surge of publications on
heavy-metal-free QDs and related solar technologies, ] prompt-
ing a critical review of this field to identify outstanding challenges
and opportunities. Several review articles focused on synthe-
sizing colloidal QDs using wet-chemistry approaches and their
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Figure 2. Schematic illustration of a) size-tunable band structure of the QDs. b) Schematic diagrams represent exciton generation and possible charge
recombination in QDs as light emitters (such as in LSCs). The numbers in (c) indicate the various major photophysical processes taking place in QDs: (1)
excitation upon photon absorption; (2) hot carrier relaxation to form exciton; (3) radiative decay to emit a photon; (4) carrier (electron or hole) trapping;
(5) non-radiative decay. c) Representative parameters to tune QDs. d) Schematic illustrations of the possible charge transfer processes occurring at
the interfaces for solar technologies using QDs as light absorbers (such as in PV, PC, and PEC systems). Numbers represent charge recombination
processes: (i) electrons in the CB of QDs recombine with the oxidized species of the redox couple electrolyte at the QDs/electrolyte interface; (ii)
direct charge recombination of photogenerated electrons in the CB of QDs with holes in the VB of QDs; (iii) charge recombination through intra-band
surface trap/defect states within QDs; (iv) the injected electrons in the CB of the host materials recombine with the oxidized species of the redox couple
electrolyte at host materials/electrolyte interface; and (v) electrons back transfer from the CB of host materials to the VB of QDs and recombine with the

holes at the QDs/host-material interface.

applications,2#%7] yet an in-depth discussion of heavy-metal-free
materials and processes for solar technologies is still lacking.
Progress on the applications of colloidal QDs in solar technolo-
gies was previously summarized,!*8>10.260.28] while heavy-metal-
free QDs were summarily discussed as only a subcategory of
QDs. Until now, only three reviews have focused on heavy-metal-
free colloidal QD-based solar technologies.*®! You et al. and Li
et al. discussed the challenges and perspectives of developing
heavy-metal-free for LSCs!*®! and PEC H, generation.!”* Jain
et al. summarized the synthesis, characterization, and applica-
tions of I-111-VI, QDs,!2%] focusing only on one specific family of
heavy-metal-free QDs and their biomedical applications.

Here, we comprehensively review heavy-metal-free colloidal
QDs in solar technologies, categorized as PV devices, photocatal-
ysis (PC)/PEC systems for solar to-fuel conversion, and LSCs
(Figure 1c). We initiate our discussion by systematically eluci-
dating the distinctive characteristics of heavy-metal-free QDs,
which include their tunable band structure, optical properties,
and charge dynamics. This exploration encompasses the engi-
neering of the core, shell, interfacial layer, shape, and surface of
the QDs. Notably, we underscore the significance of band align-
ment in dictating the charge dynamics within the QDs and at the
interfaces between the QDs and charge acceptors, establishing a
direct correlation with device performance. We critically appraise
diverse synthetic methodologies employed in fabricating heavy-
metal-free colloidal QDs. Subsequently, we critically evaluate re-
cent advancements in solar technologies leveraging heavy-metal-

free colloidal QDs, highlighting the most promising strategies
and accomplishments. Additionally, we delineate burgeoning op-
portunities within this realm and furnish perspectives for future
research endeavors.

2. Tunable Design of Heavy Metal-Free Colloidal
QDs

In semiconductors, the high density (%102 cm™) of cova-
lently/ionically bonded atoms creates a high concentration of
continuous electronic states, characterized by a fully occupied va-
lence band (VB) and an empty conduction band (CB) separated by
an energy bandgap (E,) devoid of any allowed states (Figure 2a).
In most solar technologies, the initial step is the absorption of
photons with energy above the E,. Electrons are excited from VB
to CB, and holes are left in VB, forming excitons with a char-
acteristic exciton Bohr radius (Figure 2b).[) The dimensions of
QDs are at or below the exciton Bohr radius of the correspond-
ing bulk materials,”%! inducing the discretization of energy levels
near band edges.”" This quantum effect gives QDs an additional
degree of tunability compared with bulk semiconductors, e.g., the
QD’s bandgap increases as its size decreases (Figure 2c).

After light excitation of QDs, the electrons and holes relax into
the bottom of the CB, and the top of the VB (thermalization) hap-
pens on a timescale of picoseconds.”!] Subsequently, electrons
and holes undergo recombination processes to release energy
in a radiative relaxation of band-edge excitons. The consequent
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narrowband and bright emission are interesting for employing
QDs as light emitters for solar applications such as LSCs. Alterna-
tively, the electrons and holes of QDs are separated and injected
into corresponding charge acceptors to continuously participate
in the subsequent reduction and oxidation reactions in QD-based
PC/PEC systems (Figure 2d).

Despite the advantages of QDs, the high surface-to-volume
ratio of QDs leads to a significant proportion of uncoordinated
atoms on the surface, resulting in heightened sensitivity.”%) This
challenge can be addressed by encapsulating QDs with inor-
ganic semiconductor shells, providing a protective environment
that reduces surface charge/exciton trapping and mitigates QD
degradation.!®®! Core/shell QDs not only inherit the standard
features of QDs but also present an additional benefit as their
energy-band structure can be finely tuned by engineering the
core/shell materials, optimizing core size/shell thickness, and
regulating interfacial layers.”?) The precise and systematic tun-
ability of their optical properties provides core/shell QDs advan-
tages in solar technologies because: a) their light absorption spec-
tra can be adjusted for optimal spectral overlap with the solar
spectrum; b) the radiative channels of QDs can be modulated
to obtain a suitable PL range; c) the band structure of QDs can
be tuned suitable for charge injection to electron/hole acceptors.
Here, we mainly discuss the possible engineered functionalities
of QDs (with special attention given to core/shell QDs) and corre-
late the QDs’ structures with their optical properties and charge
carrier dynamics for solar technologies.

2.1. Regulating the Composition of QDs

Based on the particle-in-a-sphere model of QDs, electronic
energies are significantly influenced by the effective exciton
mass,!”?) making the composition critical for the band struc-
ture of QDs. For binary QDs composed of only two elements,
doping in QDs offers opportunities to tailor their electronic
and optical properties,”* such as improving PL emission
efficiency,”®! broadening the PL/absorption range to the vis-
ible (400 nm < A < 700 nm) or near-infrared (NIR) region
(700 nm < A < 1700 nm),!*”¢l and protecting host QDs against
photo-oxidation.!”®! Typically, doping involves manipulating the
constituent stoichiometries while preserving the symmetry and
quality of the lattice. The most common strategy for doping is to
include the dopant-contained precursors in the synthesis of host
QDs. However, controlled doping remains challenging because
the host matrix tends to expel specific strain-inducing dopant
ions from the internal crystal lattice to the surface.””! To over-
come this challenge, nucleation-doping and growth-doping in
high-temperature organometallic synthesis were developed,!”®!
making it possible to dope various transition metals and
rare-earth ions, including Mn?*,71 Cu?*,1801 Ag+ [811 Co?*,[82]
Gd*+,[33) and Eu?*.[®*] The emission tunability of dopants on
QDs highly depends on emission dynamics. For instance, the
incorporation of Cu or Ag dopants can introduce an intra-gap
trap state (Figure 3a),'7¢%*8%] resulting in light emission from
the recombination of delocalized electrons in the host QDs and
holes localized on the Cu or Ag ions, such as Cw:InP.**l In
Mn-doped QDs (Figure 3b), a °A; ground state and *T, excited
states of doped Mn?* are located inside the CB-VB energy gap of

host QDs (Figure 3b).[7¢35] A small amount of Mn?* incorporated
into the host QDs lattice can result in an apparent *T,-°A; PL
emission.!®¢] However, the emission range of Mn-doped QDs is
typically limited to the 580-610 nm spectral range, with a low
PLQY resulting from a non-radiative Shockley-Read-Hall (SRH)
recombination process at the surface or internal defects of QD.!%7]
In this view, simultaneous doping of multiple dopants is an ef-
fective strategy,[®®! where the overall PL emission can span over a
broad spectral range by combining the intrinsic emission of the
host QDs and the dopant emission. For instance, in the case of
Cu and Mn ions co-doped ZnInS, QDs, the dopants retain their
emissions, and a tunable spectral distribution/emission color
can be realized through the variation of the Mn-to-Cu concen-
tration ratio, enabling pure white light generation (Figure 3c).[8]
The above discussion is for the doped core of QDs while doping
in shell provides additional adjustment of core/shell QDs. For ex-
ample, doping Cu in the ZnS shell of InP can provide charge trap
sites in the shell for efficient capture of the photoexcited holes,
consequently facilitating the charge separation process.>*%*]

Besides, alloying endows QDs with additional composition-
dependent properties that can complement quantum confine-
ment effects (Figure 3d).®! For instance, to realize NIR emission
in the 800-2500 nm range, InP (bulk bandgap is ~1.29 eV) QDs
need to be larger than 6 nm, and InAs (bulk bandgap is 0.36 eV)
need to be smaller than 2 nm, both of which are synthetically
challenging. In contrast, InAs, P, ., an alloy of InP and InAs, can
efficiently emit light in the NIR window with a reasonable size
of 3.5-4.2 nm.[*"] An increasing Ga concentration in InP QDs
(bulk E,: InP 1.29 eV, GaP 2.27 eV) leads to continuously blue-
shifted absorption and PL peaks compared to InP,[®!] indicating
a tunable bandgap in the alloyed QDs. In addition, the alloyed
core or alloyed shell can reduce the reconstruction-induced in-
terfacial stain in core/shell QDs (Figure 3e).[°?] For instance, InP
was alloyed with Zn in the form of In,Zn, P core,**) compress-
ing the lattice constant from 5.93 A (InP) to 5.39 A (In,Zn, P) by
simply varying the concentration of the Zn precursor. Besides, al-
loying in the shell can achieve better stability and charge transfer
behavior.[*! For example, adding a composition gradient ZnSeS
alloyed shell on the InP core achieved the PLQY approximately
twice that of InP/ZnS QDs (30%) and InP/ZnSe QDs (25%).1

Unlike binary QDs, multinary QDs incorporate at least three
different elements, offering additional degrees of freedom for
tuning their properties. Changing the ratio of elements can
shift the energy levels of the QDs, altering their absorption and
emission spectra with similar size (Figure 3f),** e.g., Ag/In
for AgInS,/ZnS QDs!®®! and Cu/Zn for Cu-Zn-In-S QDs.[]
Adding additional elements can further tune the optical proper-
ties. For example, the PL wavelength range of CulnS, (limited
to #1000 nm!®’)) can be extended to 1210 nm by alloying with
Se.[%8]

2.2. Engineering the Type of Core/Shell QDs

The band alignment at the core-shell interface is crucial in
core/shell QDs’ emission dynamics and charge transfer behav-
ior. Based on the core-shell band alignment, core/shell QDs are
mainly defined into four categories:[®! Type-I, Reverse Type-,
Type-11, and Quasi-Type-II (Figure 4a).
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Figure 3. a) lllustration of hot electron cooling in QDs without (left) and with (right) Cu-dopant. Reproduced with permission.[®®! Copyright 2019, The
Authors. b) The transition from the Mn2* 4T, state to the A, state results in orange light emission for ZnSe: Mn/ZnO core/shell QDs. Reproduced with
permission.['%1 Copyright 2011, American Chemical Society. c) Co-doping of Mn and Cu in ZnInS QDs for tuning the PL emission. Reproduced with
permission.!38] Copyright 2015, American Chemical Society. d) Illustration of possible alloyed core/shell QDs. e) The color plot of the PLQY as a function
of the lattice constants of In,Zn, P core and ZnSe,S_, shell (right). Reproduced with permission.[?22] Copyright 2016, American Chemical Society. f) PL
variation with the synthesis parameters of CuIlnS, QDs. Reproduced with permission.['°"] Copyright 2019, American Chemical Society.

In Type-I QDs, the core’s CB and VB edges lie within the
band gap of the shell. Consequently, both electrons and holes
are confined within the core region. The improved surface pas-
sivation may decrease trap density, leading to a high PLQY
(~60-90%) and stability.?*] However, due to charge carrier con-
finement, the exciton recombination is mainly controlled by
the band structure of the core, leading to a significant absorp-
tion/emission spectra-overlap for self-absorption energy loss.[**]
Besides, the shell establishes an energy barrier for charge tun-
neling, increasing the likelihood of recombination of undesired
charge.[%2] Except in small-sized Type-1 QDs with an extremely
thin shell (0.1-0.3 nm),[1%! the charge separation rate typically
shows an exponential decrease with the increase in shell thick-
ness (Figure 4b).1*%2] A viable strategy to overcome the charge con-
finement of Type-I QDs is to reduce the offset between the CB of
the core and the shell by alloying with other elements (such as
Mnl%)), facilitating a partial electron delocalization in the shell.

In Reverse Type-1 QDs, the bandgap of the core is wider, and
both the CB and VB band edges of the shell are located between
the bandgap of the core (Figure 4c). This energy-level alignment
results in partial or complete (depending on the shell thickness)
delocalization of electrons and holes in the shell region.[1%! It fa-

vors the extraction of photogenerated charges and enhances the
charge injection rate from QDs to charge acceptors in solar ap-
plications including PVs or PC.['%] The light emission of Reverse
Type-I QDs mainly comes from the radiative recombination of
the electron-hole pairs in the shell. In contrast, the shell’s lack of
effective charge confinement typically induces issues similar to
the plain core, e.g., a relatively low PLQY (x~10%)[1% and poor
photostability. In this case, a secondary Type-I shell, an energy
barrier hindering electron trapping at the surface trap states, can
enhance light emission.

In Type-II core/shell QDs, either the CB or VB of the shell is
located in the core’s bandgap (Figure 4d). The small overlap be-
tween the wave functions of electrons and holes reduces their
Coulombic interaction,'%! inducing spatial separation of elec-
trons and holes in core and shell,!% e.g., one carrier is con-
fined in the core. At the same time, the other one is mainly lo-
cated in the shell. The effective bandgap (PL emission) of Type-
II core/shell QDs primarily depends on core and shell band off-
set (energy gap between shell CB and core VB or between core
CB and shell VB).['%! As a consequence, the PL wavelength is
red-shifted compared to that of plain core QDs. The CB (or VB)
band energy offset between the core and shell can be adjusted by
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Figure 4. a) Schematic representation of the energy level alignment and electron (dark red) and hole wave functions (grey) in different types of core/shell
QDs. The main emissive charge recombination (left) and charge transfer processes from a different type of core/shell QDs to host semiconductors (right,
using electron acceptor as an example) in b) Type-, c) Reverse Type-I, d) Type-Il, e) Quasi-Type-II core/shell QDs.

precisely controlling the core size and shell thickness.['%%4] When
this energy offset is small enough, only electrons (or holes) can
be confined, while holes (or electrons) are partially delocalized in
the entire core/shell structure. This type is called Quasi-Type-II
(Figure 4e), such as CulnSe, /Culn$S, QDs.[*] Compared to Type-
II, Quasi-Type-II QDs typically present better PLQY (x~40-50%)

and stability!!””] due to better electron (or hole) confinement in
the core region.[1%2197] The decrease in spatial overlap between
electron and hole wave functions leads to a reduced charge re-
combination probability and a prolonged PL lifetimel'%®! com-
pared with Type-I and Reverse Type-I QDs. However, the elec-
trons in Quasi-Type-II QDs can be captured by the defects of the
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shell surface, resulting in a lower PLQY (40-50%)[1%] than Type-1
(60-90%).110]

More importantly, the electronic band structures of core/shell
QDs can be fine-tuned by adjusting the core size and shell
thickness, 3721921111 which is due to changes in the core/shell
QDs’ effective bandgap and carrier localization through quantum
confinement.[1%] For instance, in CulnS,/ZnS, the positions of
the CB and VB edges of CulnS, are —3.55 and —5.05 eV, and the
ones of ZnS are —3.28 and —6.82 eV.[''?] The small CB edge offset
(0.27 eV) and large VB edge offset (1.77 eV) make it possible to
tune CulnS, /ZnS from Type-I to Quasi-Type-II by decreasing the
core size or increasing the shell thickness, facilitating the elec-
tron transfer process.['?]

2.3. Tuning the Core-Shell Interface of QDs

The different lattice parameters of the core and shell materials in-
duce a strain at the core/shell interface, causing the formation of
structural defects.'!3] The consequent interfacial traps may act as
non-radiative recombination channels, reducing the PLQY and
the charge transfer rate from QDs to charge acceptors. An effec-
tive strategy is to insert buffer layers with a lattice constant inter-
mediate between the core and shell, forming core/intermediate
shell/outer shell QDs (Figure 5). For instance, an interfacial oxide
layer of phosphate in InP/ZnS was shown to play a crucial role
in mitigating the lattice mismatch band alignment between InP
and ZnS, resulting in a higher PLQY (38%) compared to that of
the oxide-free QDs (4%).111*] However, the interfacial oxide layer
also had a detrimental influence on broadening the PL spectra,
thereby decreasing the color purity of PL emission."'* To address
this drawback, ZnSe was developed as a buffer layer in InP/ZnS
QDs, Y] effectively reducing the lattice mismatch from 7.7% be-
tween InP (lattice constant a = 5.869 A) and ZnS (a = 5.405 A)
to 3.3% between InP and ZnSe (a = 5.667 A).''**] Neverthe-
less, ZnSe has a narrower bandgap than ZnS,"'®! which could
cause the delocalization of excitons over the entire core/shell
QDs, consequently decreasing their stability of QDs. Moreover,
the lattice mismatch of ZnSe and ZnS (~4.5%(''7) typically lim-
its the shell thickness to a few monolayers. In this context, an
alloyed or graded interfacial layer (ZnSe,S,_,), whose chem-
ical composition gradually changes from one material to an-
other, was developed (e.g., InP/ZnSe,S,_,/ZnS).['*¥] The S-rich
ZnSe,S,_, has a wider bandgap to confine the charge carriers
into the core (higher PLQY of 80%) while broadening the full
width at half maximum (FWHM) up to 54 nm. Meanwhile, the
Se-rich ZnSe, S, _, shell exerted a more significant narrowing of
FWHM (~38 nm) albeit with a lower PLQY (44%), likely caused
by the electron delocalization toward the shell region according
to the PL decay measurements.l''®] Likewise, a longer carrier
lifetime, higher PLQY and narrower FWHM were observed by
adding interfacial layers, including InAs/GaP/InZnP/ZnSel!*"]
and ZnSeTe/ZnSe/ZnSeS/ZnS QDs.[12]

In addition to PL emission, the sharp interface in core/shell
structures may hinder charge dissociation and transport due to
the confinement of charge carriers and the interfacial defects
caused by lattice mismatch.[''% With the introduction of an al-
loyed interfacial layer, both electron and hole wavefunctions can
achieve increased leakage into the shell region, which is helpful

for electron/hole transfer from QDs to charge acceptors.!?3] This
concept was demonstrated with CulnSe,/CulnSe,S, /CulnS,
QDs,[%] where the alloyed layer contributed to the small-
est charge transfer resistance among TiO,/ZnS (8.8 kQ),
TiO,/CulnSe, (5.7 kQ), TiO, /(CulnSe,/CulnS,) (2.53 kQ) and
TiO,/(CulnSe,/CulnSe,S, , /CulnS,) (0.87 k).

2.4. Adjusting the Shape and Surface of QDs

The geometric shapes of QDs determine the presence of dif-
ferent facets around the QDs and the wave function distribu-
tion of electrons and holes, significantly influencing their elec-
tronic structures and optical properties.!'?!] By taking advantage
of different crystal symmetry characteristics, shape-controlled
syntheses have paved the way toward the growth of non-spherical
nanocrystals (e.g., pyramidal, bipyramidal, tetrapodal, triangu-
lar, dot-in-plate, and dot-in-rod).’*!22] Typically, the geometry
of QDs can be fine-tuned by adjusting the synthesis param-
eters (e.g., core crystalline structure, temperature, shell mate-
rial, and ligands).[?2123] AgInSe, QDs can be spherical, pyrami-
dal, or prismatic, depending on the reaction temperatures.['?]
The directly synthesized CulnSe,/ZnS and CulnS,/ZnS QDs
typically inherit the pyramidal structure of the core with the
triangular projected shape (Figure 6a—c),>3] however, spherical
CulnSe,/CulnS, can be realized by template-assisted synthesis
(Figure 6d).[*®] ZnSe shell growth on InP resulted in pyramidal
InP/ZnSe, while ZnS growth on the similar InP core induced
the formation of spherical QDs, mainly due to the smaller lattice
mismatch between InP and ZnSe (3.2%) compared to ZnS (7.7%)
(Figure 6e-h).[1?]

In QDs with spherical shapes, electrons and holes can be con-
fined equally in all dimensions, while the wavefunction over-
lap of electrons and holes may result in significant charge
recombination.['? Especially in the spherical QDs with shell
thickness > 1.5 nm, the shell significantly hinders the charge
transfer.’>1112127] The consequent hole accumulation may sub-
sequently lead to the surface recombination and degradation of
QDs under illumination.l’>111»127] In the non-spherical core-shell
QDs, electron-hole wave functions present better spatial sepa-
ration, increasing the probability of exciton extraction and pro-
longing the PL lifetime. E.g., the average lifetime of pyramidal-
shaped CulnSe,S,_,/CdSeS/CdS QDs (~2 us)!'?! is much longer
compared to that of spherical CdSe/CdS QDs (x40 ns), spher-
ical CulnSe,/CulnS, thick shell QDs (=300 ns), and spheri-
cal PbS/CdS QDs (=1 ps),[*#72127] indicating the efficient spa-
tial separation of photogenerated electrons and holes in the non-
spherical structure.

On the other hand, the dangling bonds on QD surfaces may
serve as dopants, creating deep band-tail states and resulting in
electron trapping.[?!] Strong bonds between surface atoms and
surface insulating ligands (e.g., organic molecules, polymers,
metal-free inorganic ions, or molecular metal chalcogenide com-
plex) can passivate such traps, improving the stability of QDs.['3]
Surface ligands can also ensure solution processability, modu-
late the reactivity of the precursors,!3!l improve control over the
nucleation/growth rates,['*?] and adjust the phasel!**] of synthe-
sized QDs (Figure 6i). Besides, the ability of different surfactants
to bind to different facets of QDs at different strengths was devel-
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Society.

oped to tune the morphology of QDs, using the fact that colloidal
QDs aggregate to eliminate high-energy surface facets and
minimize the overall surface energy.['** At a proper temperature
where stabilizing ligands are stripped off, facets with stronger
binding affinity to ligands would become more reactive binding
sites that accommodate growth species. For instance, by employ-
ing tris(dimethylamino) phosphine and indium trichloride, the
In-rich (111) facets can be stabilized by co-passivation with halide
and primary amine and grow slower, producing tetrahedrally-

shaped InP instead of spherical shapes.'*®] More importantly,
ligands can also tune the band structure and consequent optical
properties of QDs.[13%] Jasieniak et al.'3”] observed a marked ef-
fect of the surface ligands on the ionization energy. Later, Brown
et al.l38 measured the energy shift of QDs treated with different
ligands. The energy of the occupied and unoccupied surface
states was pushed below the VB and the CB of the QDs, re-
spectively. By combining experiments and ab initio simulations,
Kroupa et al. pointed out that QDs’ band-edge-energy shifts were
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Figure 6. Transmission electron microscopy (TEM) images of a) CulnSeS QDs, b) CulnSeS/thin-ZnS QDs, c) CulnS, /thick-ZnS QDs, d) CulnSe, /CulnS,
QDs, e) InP QDs, f) InP/ZnS QDs, g) InP/ZnSe QDs, h) InP/thick-ZnSe QDs, and i) InP/ZnSe/ZnS QDs. (a,b) were reproduced with permission.[>3]
Copyright 2016, Elsevier Ltd. (c) was reproduced with permission.[1222] Copyright 2017, American Chemical Society. (d) was reproduced with
permission.[“8] Copyright 2017, Wiley. (e,f) were reproduced with permission.l'2’] Copyright 2015, American Chemical Society. (h) was reproduced
with permission.[12°] Copyright 2017, American Chemical Society. i) The role of ligands in colloidal core/shell QDs.

proportional to the ligand dipole calculated in vacuum.[!*] More-
over, ligand engineering allows the QDs’ band structure to be
adjusted by varying the composition and surface chemical state.
For instance, ascorbic acid ligands were found to increase Zn
content while decreasing In content, enlarging the bandgap of
ZnCulnSe QDs and raising their CB level.1* Besides, in PV and
PC/PEC systems, the ligands link QDs to the supporting mate-
rials, potentially influencing charge extraction and transport. In
most cases, the typical surfactant molecules consist of a long hy-
drocarbon tail and a polar head, such as oleylamine (OLA), oleic
acid (OA), dodecanethiol (DDT), and trioctylphosphine oxide
(TOPO). These ligands affect the surface trap states and act as in-
sulating barriers for charge transport.l*!l A practical solution to
this issue is to partially or fully exchange the initial ligands of QDs
with shorter-chain surfactants!!*1#2 or even single atoms.[*]
For instance, by partially replacing OA with hexanoic acid (~63%
replacement), better charge injection can be obtained, achieving
a maximum EQE of 21.4%.1"7"] Sulfide ions (S?7) “ligands” can
endow InP/ZnS QDs with good water solubility and facilitate
hole extraction from QDs to the surrounding acceptors.!?"!
An ultrafast hole transfer (i.e., sub-picosecond) from QDs to
a molecular acceptor (phenyldithiocarbamate, bound through
hole-delocalizing ligands) was also observed.['**] This intriguing
phenomenon can be explained by delocalizing the excitonic hole
wave function into interfacial states formed by mixing PTC with
the under-coordinated surface * sites of QDs.['*]

3. Synthesis of Heavy Metal-Free QDs

A range of wet chemical methodologies has been devised to
synthesize colloidal QDs.[17¢27>134146] Here, we aim to concisely

examine a crucial aspect relevant to solar energy applications:
core/shell QDs. We conduct a comparative analysis of the merits
and limitations associated with each method while also delineat-
ing recent advancements in this area.

3.1. Direct Synthetic Approach
3.1.1. Core Synthesis

Most core/shell QDs are synthesized through the initial synthe-
sis of the core, followed by a final shell growth over the surface of
the core. The ideal core should have a well-defined size, narrow
size distribution, and a high degree of crystallinity. Proper sur-
face ligand passivation is also needed to eliminate surface traps
that may quench charge carriers.['*”] The most representative di-
rect synthesis of cores includes hot injection,?#96125:148] heating-
up,I** and solvothermal methods (Figure 7a).[**"! The hot injec-
tion method, which involves a swift injection of reactive precur-
sors into a vigorously stirred solution containing surfactant and
a high-boiling point solvent, is beneficial to control the size and
size distribution of QDs because it allows effective phase sepa-
ration of rapid nucleation and growth stage.[2+96125148] However,
this method relies on rapid and homogeneous reagents mixed at
high temperatures for controlled nucleation. The mixing event
becomes slower and less controllable with the increase in the
batch volume. In the heat-up method, all reagents and surfac-
tants/ligands are added to the same reaction vessel at a low tem-
perature and heated to a high temperature at a controlled rate
to activate the nucleation and growth of QDs.['*] The heat-up
method provides a simple and reliable avenue for the scalable and
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Figure 7. a) Representative methods to synthesize the core material. b) The typical routes for obtaining colloidal core/shell QDs.

reproducible synthesis of QDs. However, the synthesis of high-
quality QDs using this method is limited in scope in terms of
suitable ligands and precursors, requiring low reactivity of pre-
cursors below the desired temperature, rapid nucleation under
the desired temperature, and appropriate decoupling of the nu-
cleation and growth stages. Solvothermal synthesis operates in a
liquid medium using organic solvents in a sealed pressure ves-
sel. The closed system allows elevating the temperature above the
solvent’s boiling point, which increases the solvent’s ability to dis-
solve the solid precursors, accelerates their reaction, and allows
control over the shape, size, crystallinity, and size distribution of
QDs. In addition, the solvothermal route does not require inert
atmosphere or reflux conditions, making it easier to operate than
hotinjection and heat-up methods. However, this method also re-
quires a relatively long time to increase the temperature to a tar-
get value, which results in difficult separation of the nucleation
stage from the crystal growth stage, in turn making it difficult to
achieve a uniform size and shape of the final product. The need
for high-pressure equipment also makes it difficult to monitor
the reaction process and investigate the growth mechanism. Fi-
nally, the high temperature and pressure create additional safety
concerns, especially for large-scale synthesis.

For binary QDs, the synthesis challenges for III-V QDs in-
clude precursor selection and size control. For multinary QDs,
it is challenging to obtain phase homogeneity, because the con-
trol over complex equilibria between multiple cation and anion
precursors in a single reaction is hardly achievable.l'’] Alterna-
tively, by incorporating the desired guest ions into the host binary
or ternary QDs through partial ion exchange, alloyed ternary or
quaternary QDs can be synthesized under highly controlled con-
ditions without significant alteration of size and shape.!*®! For in-
stance, CulnS, QDs synthesized by partial In** cation exchange
with Cu,_, S adopt the hexagonal wurtzite structurel!>! instead of
the cubic chalcopyrite structure which is typically observed for
CulnS, synthesized by direct routes.!'?]

3.1.2. Shell Coating

To achieve high-quality core/shell QDs, the overcoating approach
should allow the shell to grow with high crystallinity while avoid-
ing the alloying and self-nucleation of the shell. Generally, shell
coating can be achieved either through in situ epitaxial growth,
cation exchange reactions, or a combination of cation exchange
and epitaxial growth, depending on the thermal stability of the
core materials (Figure 7b). In situ epitaxial growth allows the
shell to grow by exposing the QD core to the precursors of shell
elements while the core size and composition remain essentially
constant. The wet colloidal one-pot synthesis, i.e., adding shell
precursors right after core synthesis, was developed and applied
to different QDs, including CuGaS,/ZnS[?*l and InP/ZnS.['33]
Although this method is facile, it may be sensitive to unre-
acted precursors of the core (or side products) at the start of the
shell growth. In such cases, an intermediate purification step,
where the core undergoes precipitation/re-dispersion cycles, is
required.['’%? Besides intermediate purification, other surface
treatments may be needed before or during shell growth. E.g., hy-
drofluoric acid was employed in the early stages of shell growth
to remove the accumulated oxidative defects of InP QDs.[17>-d]
In particular, the growth temperature plays a crucial role in ad-
justing the shell growth ratel'®®! and the crystal phase of the
shell.[1>*] Generally, the reaction temperature should be high
enough to provide energy equal to or greater than the reaction
energy barriers required for shell growth.['>>) However, when the
in situ growth temperature of the shell materials is higher than
the optimal temperature for core growth, the cores may experi-
ence unexpected Ostwald ripening (i.e., smaller QDs are broken
down, and the dissolved species redeposit onto larger QDs, re-
sulting in a broad size distribution!'*®l). Besides, the shell ma-
terial may endure undesirable nucleation.'”] To deal with the
above issues, the cation exchange approach (typically carried out
<100 °C) was developed, where the shell is formed via a grad-
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ual replacement of original cations in the core with newly intro-
duced cations in solution.'!l The anion sublattice remains al-
most undisturbed, thus the shell grows at the expense of the core
size. Examples include CulnSeS/ZnS,!*}! CulnZnS/ZnS,!**"! and
AglInS,/ZnS,/®! where a PL blue-shift indicated the shrinking
size of the core. By precisely controlling the composition of the
reactant, the cation exchange method can realize the core/shell
structures with various shapes and morphologies which are dif-
ficult or inaccessible to be prepared by direct syntheses, such
as InP/GaP,[’*8] InZnP/InGaP,[**! CulnSe,/CulnZnS, Se, 1%
and AgInSe,/AgInS, QDs.[*) However, the shell grows at the ex-
pense of the core during cation exchange, '] so the shell thick-
ness is limited to the diameter of the starting QDs. It was found
that the reaction does not proceed beyond a terminal shell thick-
ness, even with larger excess cations for exchange and longer
reaction times.[''% This issue can be alleviated by combining
both cation exchange and epitaxial growth into the shell growth
process,[1222] where a thin ZnS shell was first produced via cation
exchange and thin-shell QDs were then made to react with Zn-
precursor to grow a thicker ZnS epitaxially.

3.2. Indirect Template-Assisted Synthesis

Direct synthesis is challenging for complex-structured core/shell
QDs. For instance, direct growth of CulnS, shell on CulnSe,
QDs is difficult. The different reactivities of Cu and In pre-
cursors can induce mixed-phase intermediates (such as Cu,S-
In,S,[1%1)), making it difficult to control the shape and size of
the final product. It was shown that adding the CulnS, pre-
cursor induced an island-like branched shell (not full passiva-
tion), and the excess precursors resulted in the formation of
separate CulnS, QDs.[2] In this regard, template-assisted syn-
thesis is a promising alternative.*8! For instance, CdSe/CdS
core/shell nanorods!'®*! and octapods(!®*] have been employed
as templates and were shown to undergo reversible cation ex-
change with Cu*, producing Cu,Se/Cu,S that inherit the struc-
tures of the CdSe/CdS templates. This elegant demonstration of
the core/shell structure conservation was further developed,!1%°]
where Cu,Se/Cu,S appeared as an intermediate during a se-
quential reaction from CdSe/CdS to ZnSe/ZnS. Quasi-Type-II
colloidal CulnSe, /CulnS, core/thick-shell QDs were synthesized
by combining complete and partial cation exchange reactions.[*
The shape and shell thickness of QDs can be precisely controlled
by tuning the initial QDs template.[?**] However, specific un-
resolved issues persist. E.g., the surface ligands need to dynami-
cally attach and detach to allow for the inflow and outflow of ions,
while there is a lack of fundamental studies exploring the role of
ligands in the ion exchange process within QDs. Additionally, the
formation of lattice defects during the exchange and the retention
of initial cations post-exchange remains poorly understood.

4. Solar Energy Conversion with Heavy Metal-Free
QDs

4.1. Solar-Electrical Energy Conversion

QDs solar cells (QDSCs), which can convert solar energy
into electrical energy via the PV effect, were first reported in

1998.11%1 QDSCs include planar depleted-heterojunction QDSCs
(record PCE of 18.1%!'%71), QDs-polymer hybrid QDSCs (record
PCE of 13.1%),[18] Schottky-junction QDSCs (record PCE of
9.92%),11991 and QD-sensitized solar cells (QDSSCs, record PCE
of 16.38%).1°] The most widespread heavy-metal-free core/shell
QDSCs are QDSSCs (Figure 8a,b),['7°! which consist of a con-
ductive substrate, an electron transporting material (ETM), QDs,
a redox-active electrolyte, and a counter electrode (CE). Upon so-
lar radiation, the photogenerated electrons in the CB of QDs are
quickly injected into the ETM and then into the CE via an ex-
ternal circuit. Simultaneously, the redox couple in the electrolyte
captures the holes in the VB of QDs. The oxidized redox couple
is reduced at CE by gaining electrons from the external circuit.
However, undesirable charge recombination events may occur
both within the QDs as well as at the host/QDs/electrolyte in-
terfaces within a short time duration (from tens of picoseconds
to hundreds of microseconds),['”!! which release excess energy
in the form of low-energy photons or waste heat, reducing the
overall PV performance of QDSCs.[171:172]

To improve heavy-metal-free core/shell QDSCs, increasing ef-
forts have been deployed to increase exciton generation, includ-
ing facilitating charge separation/transfer and reducing charge
recombination. Type-I core/thin-shell QDs were developed for
QDSSCs because the thin shell can create an energy barrier at
the ETM/QDs interface, reducing the charge recombination be-
tween the electrons in ETM and holes (or traps) in QDs.!'”?! For
instance, Zn-doped Type-I CulnS,/ZnS QDs were developed to
sensitize ZnO nanowires for a QDSSC, whose PCE can be read-
ily improved more than 2-3 times compared with the one with-
out ZnS$ coating.['”*?] However, the maximum PCE was limited to
0.71%, which could be partially attributed to the corrosive behav-
ior of the I7/I*>~ electrolyte and the consequent high electron re-
combination at the QD/electrolyte.['7>173] To mitigate this issue,
sulfide/polysulfide (S*~/S,27) was developed as an alternative
electrolyte,!'”* boosting the PCE of liquid junction Culn$S,/ZnS-
based QDSSCs up to 7.04%.[173P] Besides, to ensure efficient QD
deposition and charge transport, shorter mercaptopropionic acid
(MPA) ligands were employed to replace OLA before loading
CulnS,/ZnS core/shell QDs into the TiO, film.'”*"! However,
surface traps may emerge during the ligand exchange. Improve-
ments were made through a direct aqueous synthesis of water-
soluble MPA-coated CulnS,/ZnS core/shell QDs under ambi-
ent conditions, achieving an enhanced PCE of 8.15%./17] Despite
these advances, the energy barrier of the shell in Type-I1 QDs is
not favored for electron injection from QDs to ETL. Consider-
ing this challenge, Liu et al. tuned CulnS,/ZnS QDs from Type-I
to Quasi-Type-II by suitably tuning the ZnS shell thickness, sig-
nificantly improving the PCE of solar cells from 0.75% for one-
monolayer ZnS shell to 2.07% for five-monolayer ZnS shell.['?]
However, further increases in ZnS to ten monolayers led to a
decline in device performance, possibly because the lattice mis-
match between CulnS, core and thick ZnS shell (2.2%) may in-
crease the interfacial defect density for thicker shells.'73¥] In this
regard, ZnSe was developed as shell material with a lower CB
edge than ZnS and a smaller lattice mismatch with ZnCulnSe
core and TiO,.1%! Another significant obstacle limiting the per-
formance of QDSSCs is the low QDs loading. Zhong’s group
introduced a secondary QDs deposition approach that creates
new adsorption sites by forming a metal oxyhydroxide layer (via
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Figure 8. a) Schematic illustration of liquid-junction QDSSCs. Numbers refer to the undesired charge recombination processes 1) within the QDs; (2)
at surface defect/trap states; (3) between photoinjected electrons in the CB of the ETM and the electrolyte; (4) by back transfer of electrons from the CB
of ETM to the VB of QDs; (5) between the photoexcited electrons in the CB of QDs and the electrolyte. b) J-V characteristic curves of QDSCs. The PV
performance is commonly characterized by P,,,.: the peak power; V, : the open-circuit voltage; J,.: the short-circuit current density; and FF: the fill factor.
The overall PCE of solar cells is defined as npy = (Jsc - Voc - FF)/Py , where Jsc is the short-circuit current density and P, is the integrated solar power
density in Wm=2nm~, i.e.,, AM 1.5G as the standard input. c) Variation of Gibbs free energy (G) and J-V curves of QDs in loading process based on MPA-
and Dual Ligand-capped QDs. Reproduced with permission.[8%] Copyright 2022, American Chemical Society. d) UV-vis absorption spectra, TEM image
and J-V for TiO, /QD/Mg film electrodes. Reproduced with permission.[09] Copyright 2021, American Chemical Society. e) Normalized kernel density es-
timates (KDEs) of Ag and Bi, f) schematic and HRTEM images of AgBiS, NCs with cation segregation and homogeneous cation disorder after annealing
at 200 °C. (e,f) were reproduced with permission.l41d] Copyright 2022, The Authors. g) Schematic and cross-section image of the AgBiS, QDSCs. Repro-
duced with permission.[41] Copyright 2024, Wiley. h) Photograph of AgBiS, solution and thin-film solar cell. Reproduced with permission.[4'¢] Copyright
2016, Macmillan Publishers. i) The record PCE values of QDSCs [data source: National Renewable Energy Laboratory (NREL)!'®7]] and liquid-junction
QDSSCs are based on heavy-metal-free core/shell QDs. All values were tested under one sun illumination (100 mW cm=2, AM 1.5 G).

MgCl, treatment) around QD-photoanodes (Figure 8c).[°%] They Compared to liquid-junction solar cells, thin-film PVs elim-
proposed using dual MPA and inorganic ligands to reduce solva-  inate the need for liquid electrolytes, offering advantages such
tion energy, thus facilitating QD loading (Figure 8d).[°®! These  as lightweight construction, reduced material consumption, and
dual ligands also act as effective cross-linkers, reducing interdot ~ flexibility in design. The thinner absorber layers can enhance
repulsion and enabling the formation of dense QD layers, thereby ~ charge carrier collection and minimize charge recombination.
achieving a champion PCE of 16.38% for QDSSCs.[0%! Moreover, these PVs enable efficient absorption in small vol-
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Table 2. Comparison of various heavy-metal-free different types of QD-based solar cells.

Type of QDs Solar Cells Configuration ETL HTL Jse V,. FF PCE Ref.
[mA/cm?] Vi [%] (%]
Ag,S Liquid junction TiO, Polysulfide 7.26 0.33 40.8 0.98 [29]
Ag,Se Liquid junction Tio, I=/15~ 28.5 0.27 23.8 1.76 130]
ZnCulnSSe Liquid junction Tio, S2/s, 26.52 0.802 72 15.31 [60a]
ZnCulnSSe Liquid junction Tio, S /s,2" 26.99 0.838 72.4 16.38 [60b]
Ag,S/ZnS Liquid junction Tio, Ny 5.12 0.23 43 0.5 133]
AglnSe,/ZnS Liquid junction TiO, S2/S, 14.54 0.644 55.9 5.23 [45]
AglnS,/ZnS Liquid junction TiO, S2/S, % 6.78 0.471 57 1.83 [178]
AglnS,/ZnS Liquid junction Tio, S/s, 8.34 0.49 55 2.25 [44]
CulnSe,/ZnS Liquid junction Tio, S /S. > 22.61 0.583 52 6.79 [47]
CulnS,/ZnS Liquid junction ZnO I=/13= 3.21 0.445 49 0.71 [173a]
CulnS,/ZnS Liquid junction Tio, Ny 9.12 0.51 45 2.07 [112]
CulnS,/ZnS Liquid junction TiO, S /s, 20.65 0.586 58 7.04 [173b]
CulnS,/ZnS Liquid junction Tio, S7/s, 9.6 0.6 42 2.42 [175]
ZnCulnS/ZnS Liquid junction Tio, S*/S,2 22.62 0.613 61 8.47 58]
ZnCulnSe/ZnSe Liquid junction Tio, S2/s, 2" 26.70 0.780 66 13.84 [59]
ZnAglnSe/AgInZnCdSe Liquid junction NiMo Ny 19.06 0.49 52 4.71 [179]
(Al/Zn)-CulnSe/ZnSe Liquid junction TiO, S /s, 27.34 0.632 60.9 10.61 [173¢]
AgBiS, Solid QDSCs ZnO PTB7 22.1 0.45 63 6.31 [47¢]
AgBiS, Solid QDSCs ZnO PBDB-T-2F 24.9 0.48 61 7.3 [41b]
AgBiS, Solid QDSCs ZnO BH) 22.33 0.54 67.13 8.11 [41¢
AgBiS, Solid QDSCs Sno, PTAA 27.1 0.495 68.4 9.17 [41d]
AgBiS, Solid QDSCs ZnO PBDB-T-2F:BTP-4Cl 27.07 0.494 68.1 9.1 [41a]
InP/ZnS QD-organic cell ZnO MoO, 18.4 0.798 69.3 10.2 [180]
CulnS,/ZnS QD-organic cell TiO, MoO; 14.45 0.87 57.52 7.19 [181]
InP/ZnS QD-organic cell Sno, PEDOT: PSS 25.48 0.845 70.63 15.22 [182]

umes, leading to a higher carrier density. In this context, ternary
AgBiS, QDs have been developed for thin-film PVs, due to their
favorable band gap range of 1-1.3 eV (allowing light absorption
in NIR region), high extinction coefficient (~¥10° cm™!), and high
stability under ambient environment.[*! Theoretical calculations
indicate that AgBiS, thin-film PVs can achieve a high short
circuit current of ~#22mA cm~? and a V. of ~1 V, resulting in
a PCE of 20%.'7%] However, the actual V,_ of most AgBiS, thin-
film PVs is 0.5 V and the fill factors of AgBiS, thin-film PVs are
<70%. One possibility is the inhomogeneous cation disorder,
and the consequent spatial separation of the Ag-derived VBM
and Bi-derived CBM forms a cation-segregated configuration
(Figure 8e). Through annealing at 200 °C, cation homogenization
induced an enhanced optical absorption and better charge extrac-
tion, improving the V,. and FF simultaneously (Figure 8f).[*1d]
Another direction is optimizing energy level structure by choos-
ing a suitable hole-transporting polymer layer at a lower highest
occupied molecular orbital level (Figure 8gh).[*!2l Besides,
ligand passivation presents as an effective way to alleviate severe
charge recombination losses, such as replacing ethanedithiol
ligand with tetramethylammonium iodide,[**! quadruple-ligand
ensemble to realize multi-facet passivation,*!l and using MPA
to realize faster charge transfer and water solubility of QDs.[*1]
Table 2 summarizes progress in developing heavy-metal-free
QDSCs. Figure 8i compares record PCE trends of QD solar

cells (QDSC) (blue color) and liquid-junction QDSCs based on
Pb, Cd-free QDs (green color). Despite significant advances,
the record PCEs of 16.38%!°®! for QDSSCs remain below
the theoretically predicted values (Schockley-Queisser limit
of 33% for single-bandgap PV and over 40% for MEG-based
QDSCsPY), mainly due to undesirable non-radiative carrier
recombination processes within colloidal QDs and the slow
carrier dynamics at the interfaces. Addressing these challenges
requires the development of high-quality QDs characterized
by a reduced density of surface trap states, a broad absorption
spectrum with optimized electron band alignment, and stability
in the surrounding environment. Furthermore, exploring the
combination of different sensitization approaches, so-called
co-sensitization!*®>!] or secondary deposition,!'”’] could further
improve QDs loading and facilitate electron injection, hence
increasing the ] of solar cells. Also, the well-known QDSCs
trade-off between J, and V,, can be minimized by optimizing
other components, including the photoelectrode’s structure and
morphology, the electrolyte (or HTM) redox potential, and the
CEs.

Heavy-metal-free QDs were also developed as a third com-
ponent for polymer solar cells. For instance, the energy levels
of CulnS,/ZnS QDs align well with the PCDTBT polymer
donor and PC71BM electron acceptor (Figure 9a), effectively
enhancing the charge carrier generation.'8!] The PL emission
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Figure 9. a) The structure diagram and energy levels of CulnS,/ZnS QD-polymer solar cells (PCDTBT works as an electron donor, and PC71BM works
as an electron acceptor. b) Optical characteristics of PTB7-Th (FRET acceptor) and InP/ZnS QDs. c) Scheme of energy losses in typical monocrystalline
p-type Si solar cells without (left) and with (right) QD-EDS layer. d) Absorption and PL as well as €) energy-bandgap alignment diagram of CuGaS,/ZnS
QDs. f) Jsc, Voo, FF, and PCE versus CuGaS,/ZnS QDs concentration. (a) was reproduced with permission.l’8'l Copyright 2015, American Chemical
Society. (b) was reproduced with permission.l'8%] Copyright 2018, Wiley. (c—f) was reproduced with permission.[24] Copyright 2018, Wiley.

of the InP/ZnS QDs (500-800 nm) overlaps with the absorption
range of the PTB7-Th donor polymer (550-800 nm), and the
energy transfer from the QDs to the polymer improves the
photocurrent of the device (Figure 9Db).8 Besides, with its
diversity of nanostructure and size and its tunable optical and
electrical properties, it holds great promise in mitigating surface
defects of ETL. For example, after passivation by depositing a

thin InP/ZnS QDs layer, the root-mean-square roughness of
SnO, film was reduced from 6.04 to 3.12 nm, achieving higher
charge extraction and collection efficiency.!*%?]

Moreover, most PV cells suffer from low EQEs in the ultra-
violet (UV < 400 nm) wavelength region.!'®}] The excess energy
of the UV photon dissipates as heat, causing accelerated degra-
dation of PV cells.™® In this context, QDs were employed as
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an energy-down-shift (EDS) layer to convert UV photons into
visible light that can be absorbed efficiently by the PV cells
(Figure 9¢).2*18] CuGaS,/ZnS QD-EDS layers were employed
on the surface of monocrystalline p-type Si solar cells (Figure 9c).
The CuGaS,/ZnS QD-EDS layer selectively absorbs only UV light
(<407 nm) and emits visible light in the 400-800 nm range
(Figure 9d—f), which overlaps with the light absorption range of
the solar cell (*400-900 nm), enhancing the saturated photocur-
rent density and PCE.[24]

4.2. Solar-Fuel Energy Conversion

Solar energy utilization depends on factors like geographical lo-
cation, day/night cycles, and climatic conditions. This intermit-
tency has prompted advancements in solar technologies to con-
vert solar radiation into clean chemical fuels.”’ When illumi-
nated by solar light, QDs can capture optical energy and store it
within chemical bonds through photocatalytic reactions, includ-
ing H, generation and CO, conversion. The photocatalytic reac-
tion involves three key steps: a) light absorption and formation of
photoexcited holes and electrons, b) the migration of these gen-
erated holes and electrons to the catalysts’ surface, and ¢) the ini-
tiation of surface chemical reactions.

4.2.1. Solar-H, Evolution

Water photo(electro)catalysis!*®) is a promising approach for
realizing solar-to-H, (STH) conversion, a concept dating back
to the pioneering work of Fujishima and Honda.'®”] Harness-
ing the high energy content per mass (143 M] kg l!%8)) of
H, makes the solar-H, conversion cost-effective and partly
addresses the storage challenges associated with the diffuse
and intermittent character of solar irradiation. In a sim-
plified depiction of water photo(electro)catalysis, redox reac-
tions are driven by the separation of electron-hole pairs gen-
erated through incident photons. The quest for high STH
efficiency, long-term stability, and cost-effectiveness!’®! has
prompted significant research efforts toward designing suit-
able QDs,[2#818] including engineering the energy band struc-
ture to maximize the solar energy conversion rate,[*$%] ad-
justing the core/shell band structure to facilitate the charge
carrier transfer kinetics!?*%! and engineering the surface of
QDs to maximize charge transport while maintaining long-term
stability,[2>19]

Solar-driven H, generation from water can be broadly catego-
rized as PC"! and PEC processes.!'?] PC reactions typically oc-
cur with powdered photocatalysts dispersed in an aqueous solu-
tion (Figure 10a,b). Typically, ligands of QDs significantly influ-
ence the PC reaction. The redox reactions cannot proceed unless
the photogenerated charges tunnel through the ligand layer and
move to the active sites. The conventional long-chain organic lig-
ands (such as OA and OLA) inhibit the charge carrier transport
behavior, increasing the non-radiative carrier recombination!'!!
and consequently hindering H, generation.!?’! In comparison,
short-chain surfactants!*1*2] and inorganic ligands (Cl-, PO,3~,
S27)1%31 can efficiently extract holes at the surface of QDs and
simultaneously decrease the physical and electrical barriers for

electron transfer from QDs to an electron acceptor, consequently
facilitating charge separation and transport.>® Another strat-
egy to promote charge transfer involves doping QDs with metal
cations, where the dopant serves as charge trap sites to capture
photoexcited holes effectively. For instance, Cu was doped inside
the ZnS shell of InP/ZnS QDs (Figure 10c).[%] The holes were
captured by the Cu dopant sites (Figure 10c—e), which are far
from the electrons in the InP core, decreasing the electron-hole
overlap integral and consequent charge recombination. Besides,
the incorporation of cocatalysts can alleviate hole accumulation
by changing the water oxidation reaction mechanism, lowering
the reaction energy barrier and accelerating the charge trans-
fer process at the photoanode/electrolyte interface.’21%%1%] pC
is suitable for large-scale H, generation, while it requires separa-
tion of the produced O, and H, (explosive gas mixture) after the
reaction.

Alternatively, PEC cells can generate products at different elec-
trodes (Figure 10f,g). Besides, an external bias is typically em-
ployed in the PEC system to compensate for the potential defi-
ciency, which can form a surface space charge layer, achieving ef-
ficient charge separation. The operation principle of PEC is akin
to liquid-junction QDSSCs, yet with two redox systems: one re-
acts with the minority charge carriers at the surface of the pho-
toelectrode and the other reacts with the majority charge carriers
entering the CE. Most QD-PEC systems are based on core/shell
QDs due to their better stability,>}! and tunable charge transfer
behavior from QDs to electron/hole acceptors. Previous studies
on QD-PEC systems are primarily focused on thin-shell QDs, in-
cluding AgInS,/ZnS,["®¥] AgInSe,/ZnSe,*] CuAgln;Ss/ZnS, %)
and CulnSSe/ZnS.>3] The stability improves with increased ZnS$
(or ZnSe) shell thickness, and the Type-I core/shell structure
hinders the charge separation/transfer. To alleviate this issue,
Mnl®66] or Cul®®l was doped into the core, which artificially
builds a smaller offset between the CB of the core and shell,
achieving a prolonged exciton lifetime and a lower charge trans-
fer resistance compared to the original QDs. On the other hand,
for the thick ZnS (or ZnSe)-shell-based QDs, the light absorption
of the QDs is limited to the visible and NIR region due to the
dominant role of the wide-bandgap of the ZnS (ZnSe) shell. The
shell material was then replaced with narrow-bandgap materi-
als, including CulnSe,/CulnS, ¥ and AgInSe,/AgInS, QDs.[*]
A gradient interfacial layer between the core and shell can fur-
ther improve the PEC performance by alleviating the unwanted
charge traps at the core/shell interfacel?**°] Besides, co-catalysts
can be employed to lower the kinetic barrier. For example, by dec-
orating a BiVO,-QD photoanode with NiFeO, (Figure 10h,j), both
photocurrent density and stability were found to improve, prob-
ably because the co-catalysts can collect the photoinduced holes
and act as a passivation layer to prevent photocorrosion of the
photoelectrode.[19]

Table 3 summarizes the most recent advances in water pho-
tolysis based on various heavy-metal-free core/shell QDs. De-
spite considerable progress in the last decades,'®! the over-
all performance is still considered far from values suitable
for commercialization (STH efficiency >10% and long-term
stability >1000 h).'%*] The solar energy conversion efficiency
was still lower than that of toxic-metal-based QDs (such as
PbS/CdS, 721112l CdSe/CdS!"'™)), primarily due to insufficient
charge generation arising from light-harvesting, undesirable
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Figure 10. Schematic illustration of a) the configuration of a representative PC cell with powdered photocatalysts, which mimics photosynthetic or-
ganisms in nature, and b) energy diagrams of typical PC water splitting. ¢) Schematic illustration of PC H, generation based on the InP/Cu:ZnS QD
photocatalyst, with Ni?* as cocatalyst and ascorbic acid (AA) as sacrificial electron donor. AA is oxidized into dehydroascorbic acid (DHA) after the
reaction. d) Comparison of the amount of H, of InP/nZnS (blue) and InP/Cu: nZnS (red) QDs with different ZnS shell thicknesses (n = 2, 3, and 4)
under one h irradiation. e) Time course of the H, evolution reaction of InP/Cu:3ZnS QDs. f) Schematic illustration of a representative PEC cell config-
uration and g) energy diagrams (based on photoanode). h) Structure diagram of BiVO,-CulnSeS/ZnS (B-C@ZnS#160) photoanodes with the NiFeO,
co-catalyst for water oxidation. i) Comparison of photocurrent density of photoanodes deposited with the NiFeO, co-catalyst under chopped illumina-
tion. j) Comparison of the current density of all photoanodes under 1.23 V bias. (c—e) were reproduced with permission.[®3] Copyright 2020, American
Chemical Society. (h—j) was reproduced with permission.!'®*] Copyright 2021, American Chemical Society.
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Table 3. Comparison of various heavy-metal-free QD-based water photolysis.

QDs Abs edge App Reaction solution Current density Product evolution rate Stability?) FEb) Ref.
[nm] [mA/cm?]
InP/ZnS 650 PC H,A 0.06 45 mmol h™1 g~! 64.5 h - [25b]
Cu:InP/ZnS 600 PC ascorbic acid - 15 umol h=! 40h - [63]
CulnS,/ZnS 650 PC NaHA/H,A - 1.59 mmol g~! 70h - [190]
CulnS,/ZnS 650 PC NaHA/H,A - 134 umol 8h - [193]
Ag,InZny S, 625 PC H,A - 600 pmol 12h - 152]
InP/Gap/ZnSe 650 PEC NaOH 4.1 59.4 ymol cm=2 h - - [37]
Zn-CulnS, 780 PEC ascorbic acid 0.15 50.4 mmol g~"h - - [38]
Zn-Culns, 780 PEC PBB 38 - - 91 [199]
SnSe/ZnSe 750 PEC Na,SO;/Na,S 7 60 mL cm~2/day 85% 95 [36]
Cu-InP/ZnSe 650 PEC Na,SO;/Na,S 7.4 90.8 pmol cm=2/h 89% 78 [34]
AglnS,/ZnS 650 PEC Na,SO;/Na,S 5.7 32.5 umol/h 62% 61 [189]
AglnSe,/ZnSe 750 PEC Na,SO;/Na,S 7.5 48 umol cm=2/h 60% - [46]
Mn:AgInS,/Cu:ZnS 630 PEC Na,SO;/Na,S 6.4 - - 45 [67]
Cu:AgInSe/Cu:ZnSe 700 PEC Na,SO;/Na,S 8.5 88.1 umol cm™2/h 46 [68]
CuAglnsSg/ZnS 650 PEC Na,SO;/Na,S 10.6 - 50% - [57]
CulnSSe/ZnS 1000 PEC Na,SO;/Na,S 53 - 70% - [53]
Mn:CulnS, /ZnS 700 PEC Na,SO;/Na,S 5.7 7 umol/h 75% 74 65]
Mn:CulnSe,/ZnSe 720 PEC Na,SO;/Na,S 6.0 - 67% - [66]
CulnSe,/CulnsS, 1100 PEC Na,SO;3/Na,S 3 - 80% - [48]
CulnSe,/CulnSe, S, /CulnS, 1100 PEC Na,SO;3/Na,S 4.5 - 85% 80 [23]
AglnSe, /AgInSeS/AgInS, 1000 PEC Na,SO;/Na,S 1.1 - - 50 [49]

¥ For comparison, retention of photocurrent after 2 h (PEC) and time course of H, resolution (PC) are listed; ®) Faradaic efficiency (%), the ratio between the experimental

and theoretical estimated volume of H,.

non-radiative carrier recombination within the QDs or at host
semiconductors/QDs/electrolyte interfaces, and slow carrier in-
jection/transfer rate from QDs to the electron/hole acceptors.
Research efforts are still needed to control both the struc-
ture/composition of QDs and the configuration of PC/PEC sys-
tems to regulate the charge dynamics of the systems. Besides,
UV-induced hole accumulation was reported as a reason for the
self-oxidation of QDs.[*”] An elegant solution to this problem can
be developed by integrating PEC with LSCs,['®] where UV light
is converted to visible light using QDs.

4.2.2. Solar-Driven CO, Reduction

Similar to the scenario in H, generation, colloidal QDs
can be employed to reduce CO, under light irradiation.l*?!
Heavy-metal-free QDs including InP,!*2l AgInS,,[**] CulnS,,[2%
ZnCulnS,,?1 CulnS,/ZnS 221 CuAlS,/ZnS,!*}] have been ex-
plored for CO, photoreduction. The selectivity and activity can
be adjusted by suitably manipulating the defects in ternary
QDs.[*0201] E g, the density of copper vacancies can be varied
to alter the distribution of optically active Cu* and Cu®* defect
states, and the Cu®* defect states near the copper vacancy in
ZnCuln$S, QDs can effectively activate CO, to the COOH* inter-
mediates (Figure 11a,b).2°!l In addition, the combination of co-
catalysts with QDs can significantly improve the photoreduction
activity and selectivity (Figure 11c,d).[22 Nevertheless, it is essen-
tial to highlight that QD-based CO, photoreduction is prelimi-
nary. The efficiency and selectivity in the photocatalytic reduction

of CO, using QDs remain relatively low, particularly concerning
the production of usable fuels and value-added chemicals, specif-
ically C** products. Currently, nearly all QD systems predomi-
nantly yield C1 products. Despite the higher value associated with
C** products, achieving their photocatalytic generation poses a
substantial challenge. Consequently, future research endeavors
should prioritize exploring opportunities for selectively produc-
ing C** products, enhancing product selectivity, and deepening
the understanding of the reaction mechanism involved in CO,
reduction with QDs.

4.3.LsC

Despite significant advances in PV technologies,!'*’] the high cost
of PV devices per unit surface area hinders their widespread
adoption. Collecting solar radiation from larger areas and focus-
ing (“concentrating”) allows using smaller PV cells and can im-
prove solar conversion efficiency. While the concentrated PV “so-
lar plants” using motorized parabolic mirrors have been deployed
on an industrial scale since 1982,[2] these require complex sun-
tracking devices and do not work well with diffuse light (such
as under cloudy weather). An alternative technology of LSC has
been explored since the 1970s,12°* and has experienced rapid
development since the ground-breaking work of Baldo and co-
workers.!10260205] Typically, an LSC consists of an optical waveg-
uide (such as glass and polymer) embedded or coated with lu-
minescent fluorophores (Figure 12a).[1%.184205¢] The large surface
area of LSCs harvests sunlight, penetrates through the matrix
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and then gets absorbed by the luminophores. The luminophores
re-emit the light as fluorescence or phosphorescence at a longer
wavelength, which then undergoes multiple internal reflections
from the LSC/air interface, being thus channeled to the narrow
edges of the optical waveguide. Finally, the re-emitted photons
are adsorbed by the PV device attached to the edge of the LSC and
converted into electricity. By collecting solar energy over a large
area (LSC top area), the flux of radiation incident onto the PV
devices (LSC narrow edge) increases multifold compared to the
direct collection using PVs with the identical area,[??] therefore
significantly improving the power output of the PV devices and
lowering the cost of produced electricity.[10260:184205¢] Addition-
ally, downshifting the incident solar light to match the absorp-
tion profile of the PV material can further boost the PCE of PV
cells.['# Last, LSCs enable semi-transparent architectures by em-
ploying luminophores with specific absorption profiles/colors,
making them attractive for building-integrated PV technologies
(BIPVs, Figure 12b).20]

To achieve efficient LSCs by using QDs as fluorophores, the
QDs should absorb sufficient incident radiation and efficiently
produce down-converted luminescence. Reabsorption of light oc-
curs if their absorption and emission spectrum overlap with
each other; even a slight overlap can result in dramatic energy
losses because the optical path along the emitted light propa-
gation (LSC length) is several orders of magnitude higher than

that of the solar light collection (LSC thickness, on the order of
mm).[27] Core/shell QDs can fulfill the above requirements with
tunable light absorption/emission spectra and high PLQY. In par-
ticular, their overlap in absorption/emission can be decreased
using several strategies.[?®351%] Their absorption and emis-
sion overlap became smaller with the shell thickness increase
(Figure 12¢).1®*] Besides, doping small amounts of metal ion im-
purities can effectively reduce the absorption/emission overlap of
colloidal QDs.I”7”"28] For instance, in Mn-doped ZnSe/ZnS QD-
LSCs,[%] the PL emission corresponds to the *T,-°A; d-d tran-
sition (x2.1 eV). At the same time, the absorption was domi-
nated by the ZnSe host (Figure 12d), effectively removing any
overlap between the absorption and emission spectra.l®®] On
the other hand, most QD-LSC present light absorption in the
visible range (435-675 nm), thereby constraining the average
visible transmittance (AVT, ~50%) and the color rendering in-
dex (CRI) of transmitted solar light.?® LSC panels’ consequent
strong color distortion can alter the chromatic perception from
indoor to outdoor settings, leading to artificially induced color
blindness.['’*] To achieve visible transparency, recent research
focuses on QD-LSCs with a broad absorption range covering
the entire UV-vis and NIR spectrum (100-800 nm, Figure 12e),
such as NIR-active CulnS,/ZnS['7¢l and AgInS,/ZnS QDs,*]
while these QDs typically result in limited AVT (40-50%) and
brown coloring.[*?] Alternatively, QDs that selectively absorb only
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overlap and LSC optical efficiencies of the InP/ZnO with different shell thicknesses. Inset: band alignment of InP/ZnO QDs. d) Schematic description
of emission of Mn?*: ZnSe/ZnS QDs and LSC. Bottom: absorbance and PL spectra of Mn?*: ZnSe/ZnS QD-LSC device. e) Comparison between the
normalized PL and optical absorption of CulnS, with radius a = 2.2 nm (top panel) and a = 1.0 nm (bottom panel). f) The normalized absorption and
PL spectra of Ag,Mn:ZnInS, QD-LSC with different shell growth time. Inset: the photograph of Ag,Mn:ZnInS, QD-LSC. g) Schematic for CulnS,/ZnS
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WILEY-VCH. (f) was reproduced with permission.[”>] Copyright 2024 The Authors. (g) was reproduced with permission.[214] Copyright 2018, Elsevier.

UV light (<400 nm) were employed for LSCs (Figure 12f),[7210]
while the limited light absorption of QDs restricts the PCE of
LSCs. More complex shapes and compositions can overcome this
restriction, including incorporating a resonant shifting bilayer
cavity, 2] a distributed Bragg reflector,[?!? and a photonic ape-
riodic mirror.?3] Two mirrors can be coupled to build an op-

tical cavity to enhance the overall fraction of photons collected
by the PV cells (Figure 12g),[2%! while the lack of transparency
hinders their application as BIPV. In this context, micron-sized
SiO, particles were incorporated into QD-LSCs,!*'*l boosting
the capture-ratio of sunlight through scattering the incident
radiation.
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On the other hand, besides the non-unity PLQY of QDs and
reabsorption loss, a #25% energy loss arises from the top or bot-
tom escape cone defined by Snell’s Law assuming the waveg-
uide refractive index n = 1.5 (the polymer: n = 1.3-1.5, glass:
n = w1.5).1317¢197] To overcome the energy loss challenge and
improve the stability of LSC simultaneously, a laminated LSC
configuration was designed,*?! where the QD-polymer layer is
sandwiched between two sheets of glass (Figure 13a). In this
case, most of the waveguides and external surfaces are composed
of glass, reducing the optical requirements for the polymer and
eliminating the energy loss due to self-absorption and light es-

cape. Alternatively, tandem LSC configurations were modeled!!¢)
and experimentally developed.[2°2210217] Generally, there are two
or three layers in the tandem-structured LSCs (Figure 13b,c).
This tandem configuration enhances light absorption efficiency
by utilizing different layers to capture distinct segments of the
solar spectrum, simultaneously addressing energy loss issues re-
lated to escape cones.?!”] However, the tandem configurations
require an air gap between the multiple LSC layers to avoid opti-
cal coupling. Additionally, incorporating separate sets of PV de-
vices along the edges increases installation costs and complex-
ity compared to single-layer LSCs. In this regard, the concept of
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Table 4. Comparison of various heavy-metal-free QD-LSCs.

QDs QY Abs Edge PL range Stokes shift LSC size [cm]? Dint?) Noxt? PCE® G9 Ref.
[%] [nm] [nm] [meV] [%] [%] [%]
InP/ZnO 36 550 550-700 - 9x1.5x03 - 1.45 - 5 [35]
InP/ZnS 61 600 450-992 - 6x6x0.2 22.2 1.68 - - [227]
CulnPjZnSe 87 650 650-900 650 10% 10 37 - - - [62]
CulnSe,S,_, /ZnS 40 900 8001250 530 12%12x03 - 3.27 - - [17¢]
Laminated CulnS,/ZnS 91 830 620-1240 >550 10 x 10 - 8.1 2.2 - [42]
CulnS,/ZnS 81 500 450-750 >85 22x22x%03 26.5 - 18 73 [222]
CulnS,/ZnS 65 500 450-700 - 2x2x038 - - 1.68 25 214]
CulnS,/ZnSe,S;, 70 600 440-800 - 10% 10 - 0.53 - - [223]
CuGaAlS/zZnS 91 450 440-750 810 20x20x0.15 - - 0.77 - [55]
AgInS,/ZnS 60 300 500-1240 - 5x5x%3 - 3.94 - 16 [95]
AgInS,/ZnS 64 600 500-900 - 10.4 x 10.4 X 0.2 27.4 3.8 - 13 [224]
Cu:ZnInSe/ZnS liquid 63 650 550-850 93 2x2x0.2 - 3.67 0.83 10 [64]
Cu:ZnInSe/ZnS polymer 63 650 550-850 93 2x2x0.2 - 1.75 0.83 10 [64]
Zn,Al:CulnS, - 800 600-900 - 1.8x1.8x0.1 - 6.97 - 4.1 [67]
Tandem CulnSe,/ZnS 72 800 650-1000 - 15x 15 % 0.16 - 6.4 1.8 22 [217b]
Tandem CuGalnS,/ZnS 94.6 400 420-750 - 5x5x0.5 - 9.94 - 10 [56]
multiple-interlayer CulnS,/ZnS - 700 650-950 - 15.2x 15.2 16 8 3.6 - [218]

a)r/m the external optical conversion efficiency, a ratio of output power from the LSC edges and the input power on the LSC top surface area exposed to light, also called
overall optical efficiency, which can be experimentally measured by comparing the short-circuit photocurrent of a PV cell coupled to the LSC edges (I,5c) and that of the
same PV device illuminated directly in normal incidence (I5,) with an identical light source;[21%22%] )ﬂi”,v the internal optical conversion efficiency is a ratio of the number of
photons emitted from the panel edges to the total number of absorbed photons, which can provide comparative information on the efficiency of photo transmission. It can

be calculated b?/ normalizing the 7,,, with the absorption efficiency (the ratio of the number of photons absorbed by the LSC luminophore photons and the number of incident

photons);[14] ©

PCE is defined as the ratio of output electric power of PV coupled with LSC and the input power;226]

G refers to the geometric gain factor, which is defined

as the ratio of the top area of the LSC exposed to solar light and the area of PV cells attached to the LSC edges.

“multi-interlayer” was combined with “laminated structure,” and
a three-interlayer LSC device composed of a laminated-glass con-
figuration was recently developed (Figure 13d,e).*!8] The main
drawback of this architecture is that it requires a complex fabri-
cation process.

In summary, the availability of Stokes-shift-engineered
core/shell QDs boosted the development of QD-based LSCs. De-
spite promising progress (Table 4), achieving efficient large-area
LSCs remains a challenge due to losses caused by reabsorption.
Future research efforts should focus on optimizing the PLQY, the
fraction of absorbed solar spectrum, Stokes shift, and stability of
QDs through meticulous material selection and precise control
of core, shell, core-shell interface, QD surface, etc. Developing
new LSC architectures and waveguide materials is crucial to
minimize energy losses attributed to the light “escape cone”.
Additionally, replacing conventional silicon cells with devices
that match the PL of LSCs can enhance overall efficiency. No-
tably, most reported optical efficiencies are based on comparing
short-circuit current density values with and without the LSC
(where G = Area;-/Area;,). However, this equation assumes
that EQE,, and EQE;;. are constant and the same for all
wavelengths.[2"] Under broad-spectrum illumination, this may
lead to significant errors when comparing the LSC of different
absorption/emission profiles. To better compare various LSC sys-
tems, it is highly recommended to report the EQE,y, EQE ¢ and
the overall PCE of LSC (#pcr = (Jrsc— pv © Voc - FF)/ Py ).12192201
The [ gcpy is the short-circuit current density calculated by
dividing the current by the waveguide front surface area because

the front surface of the LSC is the area receiving the incident
power.

5. Conclusions and Perspectives

In summary, we conducted a comprehensive review of cutting-
edge research in the design and synthesis of environmentally
friendly colloidal QDs used as building blocks in solar energy
conversion, highlighting their tunable optoelectronic properties
and charge carrier dynamics by engineering their composition,
core size/shell thickness, core/shell interfacial layer, shapes and
surface. We analyzed recent developments in QD-based solar en-
ergy technologies, including PV devices, solar-fuel conversion
and LSCs. Despite considerable efforts to optimize synthetic ap-
proaches and enhance device performance, most heavy-metal-
free core/shell QDs still fall short of the features exhibited by
state-of-the-art Cd- or Pb-based QDs. This shortfall can be at-
tributed to several factors: I) Synthesis challenges: Cd- and Pb-
based QDs benefit from extensively researched and refined syn-
thesis pathways that have been developed over many years. II)
Difference in material structures and properties. Heavy-metal-
free QDs possess distinct material structures and properties com-
pared to Cd- or Pb-based QDs. For example, CdSe QDs typically
exhibit a direct bandgap, whereas CulnS, QDs may have an in-
direct bandgap. This variation significantly impacts light absorp-
tion, emission efficiency, and charge carrier dynamics within the
QDs, thereby influencing overall device performance. I1I) Device
integration. Integrating QDs into practical solar devices involves
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optimizing device architectures, interfaces, and processing tech-
niques to maximize performance and stability. Cd- and Pb-based
QDs have been integrated into various device structures, with
well-established fabrication methods and performance metrics.
Transitioning to heavy-metal-free QDs requires re-evaluating de-
vice designs and processing conditions to accommodate differ-
ences in material properties and device behavior. From our per-
spective, future research should prioritize the following direc-
tions:

5.1. Development of Innovative QD Synthesis

The intended applications of QDs require precise control of
their optoelectronic properties. Therefore, the crystal structure,
inner and surface defects, size, morphology, and composition
of QDs should also be precisely controlled. Most current syn-
thetic methods for colloidal heavy-metal-free QDs require high
reaction temperatures (up to 320 °C) and toxic organic sol-
vents/surfactants/precursors. Developing the synthesis of heavy-
metal-free QDs at relatively low temperatures is an emerging di-
rection. For instance, by utilizing S-OAm (S powder dissolved in
OLA) as the sulfur source instead of DDT, CulnS,/ZnS QDs can
be synthesized at 130 °C, a departure from the conventional high
synthesis temperature range of 200-240 °C.[2?7]

Additionally, the synthesis of QDs like InP/ZnSe and
ZnSe/ZnS imposes stringent experimental requirements due to
the pronounced vulnerability of precursors to moisture (e.g., Se-
TOP). Alternative precursor materials and more efficient passi-
vation strategies are needed. Facilitating interdisciplinary collab-
oration and knowledge exchange among researchers, industry
stakeholders, and regulatory agencies could expedite the devel-
opment and adoption of heavy metal-free QDs. Granting open
access to data, resources, and best practices may stimulate inno-
vation and promote responsible deployment of technology. More-
over, the integration of machine learning into the experimental
process presents considerable potential for refining the selection
of suitable precursors and ligands. By harnessing existing exper-
imental data, machine learning algorithms can pinpoint critical
parameters and provide guidance for exploration within the syn-
thetic parameter space.[?8]

5.2. In-depth Mechanistic Studies

After decades of research on QDs, the mechanistic details and
the parameter space of their synthesis are still not well under-
stood. Many studies have delved into the impact of various fac-
tors such as structure, core/shell interface, and surface on the
QDs including InP, ZnSe, and ZnSeTe, while few focus on their
charged and multi-exciton states, leaving the underlying physical
and chemical mechanisms largely unexplored. Detailed insights
are expected to be obtained from ultrafast spectroscopy technol-
ogy and theoretical simulations. In addition, we anticipate scal-
able quantum computation through machine learning methods,
which can automatically generate countless QD structures and
predict their electronic properties.[??]

Furthermore, it is imperative to enhance our theoretical com-
prehension and conduct a thorough comparison of the electronic,

optical, and defect characteristics between heavy-metal-based and
heavy-metal-free QDs, which will lead to designing and optimiz-
ing heavy-metal-free QDs. For instance, theoretical understand-
ing illustrates that the outstanding PV characteristics of lead
halide perovskites stem from a blend of factors including the
high symmetry perovskite structure, high electronic dimension-
ality, the presence of lone-pair Pb 6s, the inactive nature of Pb 6p,
spin-orbit coupling (SOC) effects, the arrangement of polar or-
ganic cations, and the ionic properties of halides.[?*°! Therefore,
to replace Pb, the candidate should possess lone-pair s orbitals
and inactive p orbitals, which narrowed down the options to in-
clude In(I), Sb(III), Ge(Il) and Sn(II) and Bi(III), etc.

5.3. Optimize Device Architectures

Heavy-metal-free QD-based solar devices face significant chal-
lenges related to environmental stability under ambient condi-
tions. The solar conversion efficiencies of most devices are below
the required targets for commercialization.

Multiple strategies could be explored to increase the efficiency
of QD-based solar-electricity or solar-fuel conversion: I) devel-
oping new device architectures (e.g., “rainbow” architecture,[?3!]
tandem structures,['''#1%] co-sensitization!*®>°!] or secondary
deposition,['”7)) to improve light-harvesting. 11) Engineering the
band alignment between QDs and charge acceptors (e.g., mixed
TiO, phases?*?l and SnO,-TiO, heterojunction!*’]) and deco-
rating well-designed cocatalysts to improve charge separation.
I1I) Replacing surface ligands with shorter ones,”! changing
the morphology of charge acceptors (e.g., nanowire, nanotube,
etc.), and combining low resistive guide materials [e.g., graphene
nanoribbon networks,[?33] graphenes,**l and multi-wall carbon
nanotubes, 23] to facilitate charge migration. IV) Engineering the
QD-host interfaces to reduce charge recombination (introducing
Al, O, and ZnS surface passivation layers after QD-deposition).
V) Optimizing other components, including better matching re-
dox couples in the electrolyte and designing of CE with high elec-
trical conductivity, high specific surface area, high catalytic activ-
ity, and chemical stability (such as Cu, S CEs supported on carbon
fibre paper substratel23¢]).

Regarding QD-based LSCs, alternative LSC architectures and
waveguide materials should be developed to decrease energy loss,
such as coating the LSC with photonic crystals.!?*”] Tandem struc-
tures and plasmonic materials?*®! can further enhance light ab-
sorption. Furthermore, conventional Si-cells can be replaced with
cheaper and more scalable devices whose light absorption spec-
trum matches the PL of LSCs.[?]

5.4. Alternative Applications

In addition to the applications described above, the advantages
and rapid development of heavy-metal-free QDs make them an
ideal choice for addressing the challenges arising not only in
sustainable energy technologies but also in biomedical applica-
tions, including in vivo biological imaging and detection!?*"l and
theragnostic.**!l Heavy-metal-free QDs can also serve as an es-
sential model material for exploring fundamental phenomena
in both individual nanoparticles and their ensembles, including
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analyzing the band-edge electronic states arising from long- and
short-range exchange interactions and the particle shape effects
on electronic energies within or near the quantum-confinement
regime. In particular, alloyed and doped QDs allow testing the
“wavefunction engineering” principle to control the spectral and
dynamic behaviors of electronic excitations and carrier interac-
tions.

5.5. Safety Assessment of Heavy-metal-free QDs

Besides, it is essential to evaluate the environmental and biolog-
ical impacts of heavy-metal-free QDs by quantifying their toxic-
ity and thoroughly analyzing their life cycles and environmental
fate. The toxicity of QDs depends on several factors, including
the physicochemical properties of QDs (such as size, charge, con-
centration, nature of the outer coating, and susceptibility to the
oxidation, and photolysis), dosage, concentration etc.[?*?] Evaluat-
ing the toxicity or environmental friendliness of heavy-metal-free
QDs is challenging and goes beyond simply examining the ab-
sence of specific toxic heavy-metal elements in QDs. For instance,
itinvolves assessing the release of potentially harmful substances
during synthesis, usage, and degradation. It also includes the
impact of QDs on living organisms and ecosystems, consider-
ing bioaccumulation, biomagnification, and ecological disrup-
tion. Therefore, it is crucial to assess the overall effects of QD
utilization on ecosystems, human health, and environment.**}]
However, there remains a scarcity of comprehensive studies ex-
amining the toxicological aspects of colloidal QDs, with the ma-
jority of research in this area conducted by nanotechnology ex-
perts rather than toxicologists or health professionals. An up-
graded toxicological research paradigm may help to better investi-
gate the toxicity of QDs and build important steps in identifying
a novel QD design and synthesis that is safe for human health
and the environment.

In conclusion, leveraging substantial advancements in the
development of synthesis and chemical processing techniques,
alongside consistent endeavors to comprehend the optoelec-
tronic characteristics and device efficacy of heavy-metal-free QDs,
we anticipate these materials will swiftly evolve into pivotal con-
stituents within various nascent solar technologies.
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