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Abstract: Colloidal quantum dots (CQDs) are considered as next-generation semiconductors
owing to their tunable optical and electrical properties depending on their particle size and
shape. The characteristics of CQDs are mainly governed by their surface chemistry, and the
ligand exchange process plays a crucial role in determining their surface states. Worldwide studies
toward the realization of high-quality quantum dots have led to advances in ligand exchange
methods, and these procedures are usually carried out in either solid-state or solution-phase. In this
article, we review recent advances in solid-state and solution-phase ligand exchange processes that
enhance the performance and stability of lead sulfide (PbS) CQD solar cells, including infrared (IR)
CQD photovoltaics.
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1. Introduction

Even though the world has been dominated by the prevalence of fossil fuels, their limited
reserves and associated environmental issues make it difficult to fulfill the ever-growing global energy
exigencies, and the development of renewables is essential to meet these rapidly expanding energy
demands. Among various renewables, solar energy has orders of magnitudes with more potentials
compared to other renewables or fossil fuels, and the solar cell is one of the representative routes toward
utilizing solar energy. Crystalline silicon solar cells are well-known as commercialized photovoltaics
due to their outstanding power conversion efficiency (PCE) and stability; however, they usually
require complicated manufacturing processes and high fabrication costs. Considering these concerns,
the development of solution-processed solar cells has been highly required from researchers.

Colloidal quantum dots (CQDs) are small-sized semiconducting nanoparticles, wherein the size
of nanoparticle is smaller than its exciton Bohr radius, showing the quantum confinement effect,
and CQDs have been considered as promising candidates to realize efficient solution-processed solar
cells due to their tunable optoelectrical characteristics according to their size and outstanding ambient
stability [1-3]. Beyond these merits, the multiple exciton generation (MEG) phenomenon in CQDs can
be a breakthrough to improve the performance of CQD solar cells [4,5]. The movement of electrons
and holes in CQDs is confined along the crystalline direction, resulting in quantized energy level
states. In this condition, the hot-carrier energy is maintained without phonon releasing, and this
energy can be transferred to other carriers, leading to MEG. While the maximum theoretical PCE
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of a single p—n junction solar cell is known as 33.7% with the materials having a 1.34 eV bandgap
(Shockley—Queisser limit), this ideational limit can be improved up to 44% with the aid of MEG.
Additionally, the size-dependent bandgap of CQDs offers a chance to harvest the infrared (IR) region
of the solar spectrum. Since the light harvesting of representative photo-active materials, such as
crystalline silicon and metal halide perovskite materials, are limited under 1100 nm wavelength,
the large-size (smaller bandgap than 1.1 eV) CQDs are fascinating for realizing efficient tandem
optoelectronics utilizing the IR light regions [6,7]. Among the various CQDs, lead sulfide (PbS) CQDs
are generally used components for photovoltaics due to their wide light absorption window.

Generally, CQDs are stabilized by organic surface ligands (i.e., oleic acid, oleylamine, etc.) to
produce solubility in non-polar solvents and prevent CQD aggregation. However, long alkyl chain
ligands can disturb the charge transport within the CQD thin films, resulting in poor device performance.
On the other hand, the complete removal of surface ligands can produce surface defect sites and
dot fusing, resulting in reduced device performances and quantum confinement effects. Therefore,
the development of ligand exchange processes has been studied to replace the long-chain ligands with
much shorter or atomic ligands leading to the improved functionality of CQDs in solar cell applications.
Herein, we review recent advances in ligand exchange procedures, as well as their applications in PbS
CQD solar cells.

2. Solid-State Ligand Exchange

Ligand exchange is mainly classified as two different processes, namely, the solid-state and
solution-phase ligand exchange procedures. Firstly, the ligand exchange procedures are mainly
conducted in solid-state, which involves the following four steps (Figure 1): (i) fabrication of as-cast
CQPD thin films on the target substrate by spin-coating the CQD solution dissolved in a non-polar
solvent; (ii) introduction of the polar solvent, including short organic ligands, such as 1,2-ethanedithiol
(EDT) or mercaptopropionic acid (MPA) on the CQD films; (iii) soaking the CQD films with the polar
solvent, including short organic ligands during optimized times, as well as the elimination of the
solution by following spin-coating; (iv) washing the CQD film by the casting of neat polar solvents to
remove exchanged long ligands and excess new short ligands. Generally, approximately 40 nm-thick
CQD films are produced from the first step of the solid-ligand exchange process [8,9], and the thickness
can be controlled by repeating the process based on a layer-by-layer approach for achieving the desired
thickness in solar cells with optimal light harvesting. Among the various studies on CQD photovoltaics
produced from solid-state ligand exchange processes, some of the research progress that has been
reported so far are summarized in the sections below.

Solid phase ligand exchange

7 Film fabrication by deposit on substrate %%%%%

Ligand exchange using short ligand

JIIIIK ey RRIIIE

Repeat layer-by-layer method

Figure 1. Schematic of solid-state ligand exchange and film fabrication. Initially, colloidal quantum
dots (CQDs) were deposited on the substrate, and then ligand-exchanged using short organic ligands.
CQD film fabrication is completed by repeating this method.
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2.1. Air-Stable PbS CQDs via Solid-State Ligand Exchange Process

High device performance and stability are essential requirements to realize efficient solar cells.
Even though PbS CQDs had been considered as promising candidates to make breakthroughs in solar
cells, the initial ambient stabilities of PbS CQD photovoltaics (PVs) were poor, and their performance
had to be measured under Nj-filled inert conditions. When PbS CQDs were exposed to air, oxidized
layers could be formed at the CQD surface, and these layers can cause poor electrical conductivity
resulting in decreased device performance. To overcome the poor air stability of PbS CQD PVs, intensive
studies to prevent the surface of PbS CQDs from oxidization had been conducted by using specific
substances for ligand exchange or control the surface of PbS CQDs. Sargent et al. reported 3 nm-sized
PbS CQD PVs fabricated via the solid-state ligand exchange process using ethanedithiol (EDT) as
a short-chain ligand. The PbS CQD PVs were stable for 63 h, and the performance measurement
could also be carried out in ambient conditions. The stability of PbS CQDs are mainly governed by
the magnitude of oxidation, and Sargent et al. revealed that the oxidation species of PbS CQDs are
quite different from their crystal sizes [11]. For larger-sized PbS CQDs within the range of 4 nm to
10 nm diameter, PbSOy, is mainly observed on the PbS CQD surface after oxidation, whereas, PbSOj; is
the principal oxidation product for oxidized smaller-sized PbS CQDs with diameters less than 3 nm.
PbSO3 and PbSOy states in PbS are well-known as trap states located under the conduction band edge
with —0.1 eV and —0.3 eV, respectively. The small dots —0.1 eV below the level of the conduction band
edge are relatively shallow, which show effects that increase the carrier lifetime [12,13]. However,
the large dots —0.3 eV below the conduction level of the band edge are relatively deep and result in
catastrophic recombination of the carriers. The different oxidation species of PbS CQDs depending on
their sizes are originated from their different facet geometries [14,15]. In contrast, the small dot surfaces
are almost passivated with the ligand, and spatial hindrance effects prevent PbS CQDs from oxygen
(Figure 2). This is the first demonstration of solution-processed CQD PVs showing stability in ambient
conditions. Later, the first certified PbS CQD solar cell exhibiting 3% of PCE was also fabricated using
EDT-based small-size PbS CQDs and reported [16].

2.2. Carrier Mobility of PbS CQDs Depending on Ligand Species

Carrier mobility in the CQD thin film is also one of the important factors that determine the
performance of the CQD solar cell, and many studies have been performed to improve carrier transport
characteristics in PbSe and PbS CQD thin films. Prior to this study, 1,4-benzenedithiol (BDT) and EDT
were generally used as short-chain ligands for replacing the native ligands of as-cast PbSe and PbS
CQD thin film. These short-chain ligands enabled improved carrier transport in the PbSe and PbS
CQD thin film. However, these ligands still had insufficient properties for application to optoelectronic
and photovoltaic devices, because the S-S distance is still ~6.4 A scale in the case of PbS CQD with
BDT ligands [17]. In the thiol-treated case, the ~100 nm scale carrier diffusion length results in low
quantum efficiency. Additionally, BDT- and EDT-treated PbSe and PbS CQD thin films are vulnerable
to oxidation, which results in the ligand loss of CQDs [8,18,19]. In 2010, Law et al. used carboxylic
acid-based short-chain organic ligands to overcome the issues originating from BDT- and EDT-based
solid-state ligand exchange processes [20]. An FET device was fabricated to measure the carrier
transport characteristics of carboxylic acid ligand-treated PbSe and PbS CQD thin film. These PbSe
and PbS CQD thin films showed not only good carrier transport characteristics but also better stability
in ambient conditions. In BDT- and EDT-treated CQD thin films, carrier mobility is immediately
decreased when exposed in ambient conditions. However, carboxylic acid ligand-treated PbSe and PbS
CQD thin films showed increased mobility in ambient conditions for 72 h (Figure 3). This phenomenon,
which also originated from a two-stage oxidation mechanism, resulted in PbSe and PbS CQD thin films
showing 10-30 times higher carrier mobility compared to the previous PbSe and PbS CQD thin film.
The initial adsorption of water and oxygen provides better surface passivation, reducing the surface
trap states and increasing the carrier mobility. Over time, gradually-hydrolyzed carboxylate ligands
enable the penetration of oxygen to PbSe and PbS CQDs, leading to a decrease in carrier mobility.
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Herein, for the CQD FET, it is revealed that the carboxylic acid ligand-treated PbSe and PbS CQD thin
film enhances carrier transport characteristics with increased stability in ambient conditions. From this,
it is expected that adequate carboxylic acid-based ligand treatment for the PbSe and PbS CQD thin
film, rather than the BDT or EDT, could lead to further enhancement of the PbSe and PbS CQD solar
cell performance.
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Figure 2. Comparison of large- (a-c) and small-sized (d—f) lead sulfide (PbS) CQDs (a). (b) Absorption
change of large and small PbS CQDs dispersed in octane solution under ambient as a function of

storing time. (c,d) XPS analysis of large and small PbS CQDs showing S 2p spectra of as-fabricated film

(black), annealed-film at 90 °C in air for 10 min (red) and for 90 min (cyan). (e,f) Schematic of large and

small PbS CQDs described by red and yellow spheres, and cyan tails connected to sulfur atoms. Small

PbS NCs are more resistant to oxidation compared to large PbS NCs. Reprinted from reference [10].

Copyright 2010 American Chemical Society.
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Figure 3. Electrical performance of PbSe and PbS QD field-effect transistors (FETs) according to air
exposure. (a) Transfer curves (Ip-V) of ethanedithiol (EDT)-treated PbSe and PbS FETs. (b) Transfer
curves of formic-treated PbSe and PbS FETs. (c) Hole mobility changes over time of carboxylate-capped
PbSe FETs in air. (d) Hole mobility changes over time of carboxylate-capped PbS FETs in air. Reprinted
from reference [20]. Copyright 2010 American Chemical Society.

2.3. Halide Ligand to Eliminate Trap States

When CQD surfaces are insufficiently passivated, CQDs with a high surface-area-to-volume
ratio show an increase of trap state density near their midgaps. These trap states can promote charge
recombination, and the elimination of trap states at their midgap is essential to realize highly efficient
CQD PVs [21]. This goal can be achieved by robust organic-inorganic hybrid passivation via solid-state
ligand exchange processes using mercaptopropionic acid (MPA) and CdCl, [22]. The MPA organic
ligands cannot cover whole inter-atom trenches on the Pb-abundant surface due to the steric issue
and lack of appropriate coordination numbers. Halide inorganic ligands are small enough to fill
the trenches on hard-to-access sites, and are therefore used to complement the insufficient MPA
passivation strategy as organic—inorganic hybrid passivation. The density of the midgap trap state
in hybrid-passivated PbS CQD was observed to be 2x10'® cm~3 eV~!, indicating a five times lower
value than that of conventional organic- and inorganic-only PbS CQDs. Grazing-incidence small-angle
X-ray scattering (GISAXS) shows the average value of the inter-center spacing of unexchanged and
oleic acid-capped PbS CQDs that is measured to be 4.4 nm, which is coherent with the nm-scale
spacing originated from bulk oleic acid. The inter-dot spacing was reduced to 3.4 nm when employed
with the short MPA ligands. Although the organic content of the PbS CQDs was removed after the
solid-state ligand exchange using inorganic ligands, the resultant PbS CQD thin films showed the
retained inter-dot spacing of 4.4 nm, which is consistent with that of the unexchanged PbS CQD thin
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films [20]. These findings confirm the importance of the bidentate organic crosslinker during solid-state
ligand exchanges to achieve PbS CQD densification. As a result, the hybrid-passivated PbS CQD PV
showed a certified PCE of 7.0% owing to the above-mentioned merits.

2.4. Solvent-Polarity-Eengineered Halide Passivation

Unsaturated dangling bonds induced from the large surface-to-volume ratio of CQD materials can
introduce undesired trap states within the bandgap of CQDs. Atomic halide ligands have been recently
used for PbS CQD surface passivation due to their high electronegativity and significant improvement
of air stability of PbS CQD solids [23-25]. Among halides, Sargent et al. reported solution-processed
iodine treatment on PbS CQDs showing improved surface passivation. By increasing diffusion length,
the thickness of the light absorption layer in a device can be increased without affecting the charge
extraction. A certified PCE record of 9.9% was achieved by this approach [26]. However, iodine can
cause uncontrollable CQD fusing due to its highly reactive characteristic. Other studies reported that
more iodine, using methylammonium iodide (MAI) as a milder iodine source, can be introduced
into the PbS CQD surface without the damaging effects of fusion. For the solution-phase ligand
exchange of oleic acid-capped PbS CQDs, a cosolvent strategy was adopted to create a mixture of
miscible solvents, which were toluene and dimethylformamide (DMF) [27]. The cosolvent strategy for
tuning the solvent polarity simultaneously enables the dispersion of MAI and PbS CQDs. Therefore,
OA-capped PbS CQDs are reacted with iodide anions solvated in DMF, allowing the combination
of iodide anion ligands on the PbS CQD surface in the solution-phase. The solution-phase ligand
exchange can be explained by the equation: PbS[Pb(OA),] + 2 MATI~ — PbS(Pbl,) + 2 MATOA~. 'H
NMR spectroscopy measurements show new peaks that are consistent with the formation of an iodide
ligand shell that dynamically interacts with the OA™ removed from the vacant site. MAI solution
pretreatment results in the replacement of OA™ with approximately 20% to iodide, which is three
times higher than that of I, treatment, confirmed by quantitative measurements of X-ray photoelectric
spectroscopy (XPS) (Figure 4d). After the treatment of MAI and I, PL quantum yield (QY) increases
up to 15%-29% and 19%, respectively, and the improvement of iodide incorporation leads to enhanced
surface passivation (Figure 4a,b). Additionally, MAI pre-treatment improves the colloidal stability of
PbS CQDs by the partial elimination of the oleate ligands. The partial removal of ligands, indicating the
remaining oleates, is important to stabilize PbS CQDs in octane. When all of the ammonium ligands
are completely removed through the above procedures, Au electrodes are employed on the top of
the final PbS CQD thin films to allow the ohmic contact. As a result, 10.6% PCE in PbS CQD solar
cells was achieved by improved surface passivation, and a series of results contributed to the surface
engineering of PbS CQDs, such as using stoichiometry tuning and surface doping.
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Figure 4. Characterization of PbS CQDs with different treatments. (a) Absorption spectra of PbS CQDs
depending on methylammonium iodide (MAI) treatment. (b) Photoluminescence spectra of PbS CQDs
depending on MAI treatment. (c) High-resolution transmission electron microscopy (HR-TEM) image
of MAlI-treated PbS CQDs showing no fusion. (d) Quantitative measurements by XPS. I 3D peak of
both I,-treated and MAI-treated PbS CQDs, showing large enhancement of I-incorporation for the MAI
case. Reprinted from reference [27]. Copyright 2016 American Chemical Society.

3. Solution-Phase Ligand Exchange

Even though solid-state ligand exchange procedures have been widely used to fabricate PbS CQD
PVs [7,23,28-33], several limitations still remain. For example, partial loss of a ligand can take place
during the solid-state ligand exchange process by a protic solvent effect. Additionally, to produce
a thick CQD film using solid-state ligand exchanges for sufficient light harvesting, layer-by-layer
approaches requiring a long fabrication time and a large number of materials should be carried
out. Solution-phase ligand exchange using aprotic solvents has been recently developed to address
these issues (Figure 5) [34]. This approach relies on creating a colloidal dispersion in a polar solvent
after ligand exchange resulting from the replacement of long-chain organic ligands to short halide
ligands. The formation of surface defects on CQDs during ligand exchange can be suppressed by this
method, allowing for the elimination of multiple deposition steps, which are necessary to the previous
layer-by-layer method. The best device performances in CQD PVs reported so far have also been
achieved by the solution-phase ligand exchange approach. Some recent impressive achievements in
PbS CQD PVs fabricated using the solution-phase ligand exchange are described in the sections below.
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Ligand exchange using short ligand Film fabrication by deposit on substrate
in solution state

Figure 5. Schematic of the solution-phase ligand exchange and film fabrication. Ligands of CQDs are
exchanged in the solution-phase first. After that, CQD films can be fabricated just by spin-coating the
CQD inks on the substrate.

3.1. Directly Usable PbS CQD Inks by Solution-Phase Ligand Exchange

Inorganic ligands, such as halide anions, have significantly developed PbS CQD PVs [35-37];
however, such approaches that have been conducted by solid-state ligand exchange require a large
amount of material and are time consuming. Therefore, solution-phase ligand exchange using halide can
provide numerous merits. Sargent et al. reported PbS CQD PVs based on a halide ligand-capped PbS
CQD ink prepared via the solution-phase ligand exchange [34]. To produce the PbS CQD ink, the PbS
CQDs dispersed in a nonpolar solvent such as octane, and iodide salts dissolved in dimethylformamide
(DMF) are vortexed vigorously. They are then kept static until the phase separation. After eliminating
the top octane solvent, the PbS CQDs are washed using a polar solvent to eliminate residual organic
debris. Finally, toluene is added to precipitate PbS CQD, and after following centrifugation and
redispersion in butylamine, PbS CQD ink can be obtained (Figure 6a). This enables a direct and simple
fabrication of thick PbS CQD film with an approximately 300 nm thickness, as well as minimize waste of
materials (Figure 6b,c). The resultant PbS CQD films exhibited an n-type characteristic which is suitable
for PbS CQD PVs. With this new class of n-type PbS CQD film, 6% PCE has been achieved. This work
is the first demonstration of PbS CQD PVs using PbS CQD ink prepared via solution-phase ligand
exchange, and the trend of PbS CQD research has begun to change from solid-state to solution-phase
ligand exchange.

3.2. Flat Energy Landscape and High Packing Density in Quantum Dots

In CQD solids, the inhomogeneous energy distribution is an important problem limiting the
further improvement of device performances [38-40]. Poor monodispersity, disordered packing,
and aggregation of CQDs can produce additional energy distribution at the band edge including
both conduction and valance band [41-45]. Additionally, energetic inhomogeneity arises from the
solid-state ligand exchange procedure [42]. The solid-state ligand exchange has disadvantages, such as
insufficient ligand exchange, CQD fusion, and remained organic debris. The solution-phase ligand
exchange approach can be considered as a solution to overcome these problems. However, previous
CQD ink-based PVs have not yet outperformed the conventional solid-stated ligand-exchanged CQD
PVs [38]. The lesser performance of CQD ink-based PVs originates from the counter-ions, which are
essential for colloidal stability under polar solvents, and the residual counter-ions in CQD film can
hinder charge transport [34,35]. Counter ions can be removed by a post-annealing process; however,
halide ligands on the CQD surface also can be damaged during this process, resulting in the poor
surface passivation and aggregation of CQDs [34]. Therefore, the CQD PV performance can be
improved by the removal of unwanted counter ions before film deposition. Sargent et al. suggested
a new solution-phase ligand exchange process using lead halide and ammonium acetate salts [46].
The hybrid PbS CQD ink exhibited increases in both the incorporation of halide ligands on the PbS
CQD surface, as well as the elimination of native oleic acid ligand residuals remaining in the resultant
PbS CQD solutions [46]. This new PbS CQD ink demonstrated multiple benefits, including reduced
band tails that improved the open-circuit voltage (Voc), better carrier transport, and improved light
absorption [46]. The densified halide ligands also exhibit improved surface passivation, allowing
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thicker PbS CQD film, which is beneficial for light harvesting. These benefits enable the fabrication of
PbS CQD PVs with a certified PCE of 11.28%.
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Figure 6. Schematic of surface ion distribution of PbS CQDs. (a) The PbS CQDs prepared after ligand

exchange with iodide in butylamine. Iodide anions attached on the PbS CQD surface are surrounded

by methylammonium counter cations. Methylammonium can be removed from the surface by reaction

with butylamine. (b) As-deposited PbS CQD films. The counter ions residing on the CQD surface to

keep neutrality of charge. (¢) Annealed PbS CQD film. The ion pairs are removed, but most of the
iodide ligands remain on the CQD surface. Reprinted from reference [34]. Copyright 2014 American

Chemical Society.
3.3. Tuning Reactivity of Ligands

The energetic disorder caused by the increase of PbS CQD polydispersity restricts the Voc and
resultantly low PCE in PbS CQD PVs. This energy broadening even becomes wider during PbS
CQD ligand exchange and thin film fabrication resulting in large energy loss of CQD PVs over the
Shockley—Queisser limit (Ejpss =qVsq — qVoc) and low V¢ value. The Ejog of crystalline silicon and
perovskite PVs is in the range of 0.1 to 0.2 eV, and this mainly originates from trap recombination losses,
leading to destroyed V¢ [47,48]. However, the general Ejogq in the PbS CQD PVs is approximately 0.4 eV,
mainly contributed by PbS CQD polydispersity after the ligand exchange process [46]. The replacement
of the long-chain ligands by the short-chain conductive ligands can lead to a stripped CQD surface,
resulting in CQD fusion [29,49]. The polydispersity of PbS CQDs can be reduced by controlling the
reactivity of ligands during the ligand exchange process [50]. For this purpose, ammonium acetate
(AA, reactive species) and tetrabutylammonium acetate (TBAA, less reactive species) mixtures were
employed for the solution-phase ligand exchange, and these simultaneously provided improved
surface passivation and charge transport with preserved the homogeneity of the PbS CQDs. The less
reactive TBAA ligand can preserve a small portion of organic ligand on the CQD surface for preventing
PbS CQD fusion and etching. The optimized PbS CQD PVs prepared by this approach exhibits
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improved device performance compared to conventional CQD PVs (10.1% — 10.9%) with a remarkably
enhanced V¢ value (0.61 — 0.7 V, as shown in Figure 7a,b).
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Figure 7. Photovoltaic performance depending on ratio of used ligand species (ammonium acetate
(AA) and tetrabutylammonium acetate (TBAA)) in solution-phase ligand exchange. (a) Trends of Voc
and Ej,gs observed in PbS CQD photovoltaics according to ligand ratio. (b) J-V curves of PbS CQD PVs
with various ligand blend ratios. Reprinted from reference [50]. Copyright 2017 Advanced Materials.

3.4. Improved Diffusion Length of Quantum Dot Film by Matrix Approach

Recently, research on composition-matched matrices to improve carrier mobility has focused on
CQPDs [51]. Especially, metal halide perovskite materials exhibit well lattice matching matrices with
CQDs, showing improved CQD emission performance [52]. Based on these results, researchers have
deduced that the limitations in the diffusion length of photocarrier and deterioration of V¢ could be
tackled by spatial changes in the matrix structure generating from the CQD film fabrications. It has
been reported that photocarrier transfer at the CQD film is crucially affected by thickness of matrix in
terms of electron tunneling and resonance energy transfer [41,52-54]. Non-uniformity of the matrix
results in the increase of structural and energy disturbances and the decrease of diffusion lengths
within CQD thin films and devices [41,47,55-57].

To solve this problem, Sargent et al. devised a 2D matrix strategy using the perovskites to prevent
the formation of a thick matrix, which can be formed during film solidification [58]. It aimed to extend
the diffusion length of photocarrier in PbS CQD film through the matrix refinement, thereby limiting the
Pbl, matrix components to 2D materials produced from a Pbl, and hybrid amine coordination complex,
which is a similar phenomenon in 2D perovskite synthesis [59,60]. It suggests that the hybrid amine
coordinate complex can produce high-quality 2D inorganic matrices that program inter-nanoparticle
spacing on an atomic scale, thereby improving the robustness of the PbS CQD packing density and
uniformity, leading to reduced energy disturbances.

As a result, this study demonstrates a matrix engineering approach that can largely improve
the diffusion length of photocarrier in PbS CQD solids and enhances the energetic disorder of
densely-packed PbS CQD thin films, resulting in record-breaking performances on increasing the
thickness of the PbS CQD thin films. This matrix-based CQD material engineering strategies can be
extended to a wide range of PbS CQD application fields, including light-emitting diodes, photodetector,
and field effect transistor.

3.5. Acid-Assisted Ligand Exchange for Infrared Quantum Dots

Large-size (small bandgap) PbS CQD can provide a chance to harvest an infrared (IR) region solar
spectrum. The light absorption onset of well-known photoactive materials including metal halide
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perovskite, organic dye, crystalline silicon, is limited under 1100 nm. Therefore, the large-size PbS
CQD solids can be a promising platform to realize multijunction or IR optoelectronics. Recent advance
in solution ligand exchange suggest that the CQD polydispersity can be minimized via engineering
of ligand reactivity [34,46]. However, these approaches are undesired for a large-size IR CQD film
where the charge carrier transport become more important. Undesirable organic residues on the CQD
surface can lead to a loosely-packed CQD film morphology resulting in poor charge transport and
device performance [61-63].

To address this issue, an acid-assisted solution-phase ligand exchange was suggested to promote
the release of the long-chain original ligands, leading to the attainment of compact PbS CQD thin
films and enhanced mobility. Sargent et al. found that the employment of hydroiodic acid (HI) can
facilitate dense PbS CQD film formation aid by proton and iodide donation resulting in full removal of
organic residues and better CQD passivation [63]. It is demonstrated that HI-treated dense IR PbS CQD
films show higher carrier mobility than that of convention ligand-exchanged CQD film (Figure 8a,b).
In the IR CQD PV, the device shows a Si-filtered PCE of ~0.9% and a high external quantum efficiency
(EQE) of 50% at 1550 nm, whereas the conventional device (without HI treatment) exhibits less than a
Si-filtered PCE of ~0.6% with a lower EQE of 30% [63]. This study suggests a new way to produce
high-quality IR PbS CQD films leading to efficient charge transport, which is one of the essential factors
for realizing IR optoelectronic devices.
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Figure 8. Film geometry and charge transfer characteristics of infrared (IR) PbS CQD films treated with
hydroiodic acid (HI) during solution-phase ligand exchange process. (a) Interdot spacing of PbS CQD
film according to HI treatment. (b) Mobility of PbS CQD films characterized by field-effect transistor
(FET) measurements. Reprinted from reference [63]. Copyright 2018 American Chemical Society.

3.6. A Facet-Specific Quantum Dot Passivation Strategy for Infrared Quantum Dots

PbS CQDs show size- and facet-dependent properties, and the diameter of PbS CQDs must become
larger to harvest the IR region solar spectrum. However, these PbS CQDs exhibit a large amount of
non-polar (100) facets on their surface, which is less detectable in small-diameter PbS CQDs. In the
solution-phase ligand exchange methods optimized for small-diameter PbS CQDs, the ligand exchange
of native oleic acid ligands to lead halide anions occur mainly on the polar (111) facets of Pb-abundant
sites with the assistance of ammonium NHy " cations [64]. However, this approach is not applicable for
large-diameter PbS CQDs showing a large fraction of (100) facets [46,61]. These large-diameter PbS
CQPDs are easily aggregated and even fuse during the ligand exchange step because on (100) facets,
the oleic acid ligands are easily removed by polar solvents.
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Very recently, a new solution-phase ligand exchange process to passivate (100) facet has been
suggested by the careful selection of metal cations and anions. By replacing the ammonium acetate
with sodium acetate in a ligand exchange process, (100) facet passivation can be achieved by Na
owing to the proper cation size and dissociation constant of Na (Figure 9a) [65,66]. This approach
protects IR-CQDs from aggregation during the solution-phase ligand exchange, leading to improved
stability and enhanced photophysical properties of the resultant PbS CQDs. The Na-passivated IR
CQD solids prepared via this approach demonstrated the improvement of PCE values under the full
solar spectrum (33% of enhancement) and silicon-filtered solar spectrum (48% of enhancement) as
shown in Figure 9b,c [66].
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Figure 9. (a) Schematic illustration of facet-specific ligand passivation for IR PbS CQDs compared to
conventional ligand exchange process. (b) J-V characteristics of IR CQD PVs with different ligand
species under AM 1.5 illumination. (c) crystalline silicon filtered J-V characteristics of corresponding IR
CQD PVs. Reprinted from reference [66]. Copyright 2019 Advanced Materials.

4. Conclusions

We summarize recent achievements in PbS CQD ligand exchange procedures for solar cell
applications. The PbS CQDs are passivated by long-chain organic ligands to produce solubility in
non-polar solvents. The replacement of these long-chain ligands to short-chain ligands is essential to
realize PbS CQD optoelectronics. In early studies, such ligand exchanges are mainly carried out in
solid-state based on layer-by-layer deposition processes. However, solid-state ligand exchange methods
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show a heavy waste of PbS CQD ink, ligand loss, and time consumption limitations. Solution-phase
ligand exchange processes can compensate for these limitations arising from the solid-state ligand
exchange process, and recent high device performances in PbS CQD PVs have been achieved by
this approach. Although impressive progress in the solution-phase ligand exchange process is
being made, further intensive studies are required in this field to realize efficient IR CQD solar cells
that utilize beyond the 1600 nm IR solar spectrum. Considering the versatile applicability of PbS
CQDs, such progress is potentially promising for further applications including multijunction and IR
specialized optoelectronics.
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