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Abstract: PbS colloidal quantum dots (CQDs) have the advantages of adjustable band gap, large
exciton Bohr radius, controllable size, easy synthesis, and potential multi-exciton effect, making them
attractive for photodetectors and solar cells. However, the long ligand chain wrapped on PbS CQDs
limits carrier transport, and defect states of as-synthesized CQDs increase non-radiative recombina-
tion, negatively affecting photovoltaic performance. Surface properties determine the characteristics
of CQDs, so ligand exchange processes are crucial. Because solution phase ligand exchange reduces
labor and time requirements, it is more advantageous than solid phase ligand exchange. This review
discusses the solution phase ligand exchange process of PbS CQDs, emphasizing the impact of surface
ligands on conformation and conductivity.
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1. Introduction

Colloidal quantum dots (CQDs) are nanoscale semiconductor crystals coated with
surfactant molecules and dispersed in solution, which have attracted much attention in
the research and development of novel photodetectors, photovoltaic cells, light-emitting
diodes, and chemical sensors [1-5]. Apart from solution processing, a key benefit of CQDs
is their quantum confinement property [5]. It is possible to customize the optical and
electrical properties of nanoparticles by adjusting their size and shape [6]. Lead sulfide
(PbS) is a narrow band gap semiconductor material with a large exciton Bohr radius [7]. As
a result of its considerable quantum size effect, it is one of the earliest and most rapidly
developed CQD systems.

The smaller the CQD size, the larger the number of surface atoms exposed, resulting
in an increase in coordination sites. Consequently, CQDs become more active and have
a higher surface energy, which ultimately leads to increased oxidation, adsorption, and
interaction. The organic surface ligands (oleic acid [8], oleamine [9], etc.) of CQDs can
be used to control the nucleation and growth rate in synthesis and maintain quantum
dot stability. Ligands also isolate oxygen and CQDs to prevent oxidation, so that CQDs
can be stored in nonpolar solvents for a long time without aggregation [10,11]. However,
long-chain alkyl ligands are insulating, which interferes with charge transfer in CQD
films, resulting in poor device performance [12]. In order to improve CQD performance,
ligand exchange engineering should be used to replace long chains with short chains or
atomic ligands. This review examines the solution phase ligand exchange process and its
application to PbS CQD solar cells.

2. Solution Phase Ligand Exchange

Ligand exchange is divided into solid-state ligand exchange and solution-state ligand
exchange. The solid-state ligand exchange method is shown in Figure 1a. It usually involves
surface treatment by immersing a film of CQDs or drip-coating it with a solution of specific
ligands. As the original long-chain organic ligands on the surface of the CQDs are removed
and replaced with “shorter” target ligands, the spacing between the CQDs becomes smaller,
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facilitating carrier transport [12]. Although the solid ligand exchange method has been
widely used in the preparation of PbS quantum dot thin film photovoltaics, there are still
some limitations. For example, during solid ligand exchange, partial loss of ligands can
occur through protic solvent effects. In addition, in order for solid ligand exchange to
produce thick films of CQDs to obtain sufficient light collection, a layer-by-layer method
needs to be carried out, which requires a long time to manufacture and a large amount of
materials [13,14].
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Figure 1. (a) Schematic diagram of solid-state ligand exchange and film fabrication. CQDs were
first deposited on substrate by spin coating, then short organic ligands in solvent were dropped on
CQD film to replace the long alkyl chains. After that, protic solvent was used to rinse the exchanged
ligands. (b) Schematic diagram of solution phase ligand exchange and film fabrication. Firstly, long
alkyl chain ligands were exchanged into short organic thiol ligands in solution. One-step spin coating
process was then used for film fabrication. Reprinted from reference [15]. Copyright 2016, The Royal
Society of Chemistry.

To solve these problems, researchers developed solution phase ligand exchange tech-
nology. The solution phase ligand exchange technique is shown in Figure 1b. It dis-
solves CQDs wrapped with long-chain alkyl ligands in nonpolar solvents and dissolves
hydrophilic organic molecules or inorganic molecules with short-chain ligands in polar
solvents [14]. Then the two solutions are mixed, and the long-chain alkyl ligands are
replaced by hydrophilic short-chain ligands or atoms, so that the CQDs are transferred
from the non-polar solvent to the polar solvent, thus completing the quantum dot ligand
replacement process directly in the solution.

3. Characterization of CQDs and Devices

We need characterization to detect whether ligand exchange is taking place. The
synthesized CQDs need XRD (X-ray diffraction) [16] for phase analysis to complete the
qualitative identification and quantitative calculation of the phase composition and struc-
ture of the sample. XPS (X-ray photoelectron spectroscopy) [16] testing is required to
determine the surface element composition and chemical state molecular structure of the
sample, so that we can know whether the surface ligand is exchanged into a short-chain
ligand. The UPS (ultraviolet photoelectron spectroscopy) [17] test principle is the same as
XPS, but UPS emits ultraviolet light to irradiate the sample and detect the sample valence
band and conduction band position. The UV-visible absorption spectrum uses a beam of
light with a wavelength range of 300~1200 nm to irradiate the sample. The incident photon
is absorbed by the material and leads to the excited electron transition of the material.
Each material has its specific peak. The principle of the PL spectrum (photoluminescence
spectrum) [16] is as follows. Under the excitation of incident light, the electrons in the
material transition from valence band to conduction band and leave a hole. After a period
of relaxation, the photogenerated electrons and the hole reach an equilibrium state, and
then the photoluminescence phenomenon is generated by recombination. The absorption
spectrum and PL spectrum peak are used to explore the dispersion of CQDs, lattice defects,
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and other properties. IR [18] spectroscopy is mainly used for the structural analysis of
material groups and qualitative and quantitative analysis of materials. By measuring the
signal changes of long carbon chain chemical bonds before and after passivation of PbS
quantum dots, we can determine whether ligand exchange has occurred. NMR is used to
study the absorption of radio-frequency radiation by atomic nuclei. It is one of the most
powerful tools for qualitative analysis of the composition and structure of various organic
and inorganic substances, and sometimes it can also be used for quantitative analysis.
SEM (scanning electron microscope) [16] is mainly used to analyze the morphology of
device structure, TEM (transmission electron microscope) [16] is mainly used to analyze the
morphology of CQDs, and AFM (atomic force microscope) [16] is mainly used to analyze
the size distribution of CQDs.

There are several methods to study carrier dynamics. TA (transient absorption) [19] is
a detailed dynamic process of material molecules’ transition from excited states to other
low-energy states or ground states based on pump detection technology. It is mainly used
to explore the dynamic process of carriers in CQDs. PLQY (photoluminescence quan-
tum yield) can characterize the luminescence efficiency of a sample, that is, measure the
efficiency of the sample to effectively utilize the absorbed light. TRPL (time-resolved fluo-
rescence) [16] spectroscopy is mainly used to measure carrier lifetime through attenuation
curves. The study of TPV (transient photovoltage) [20] and TPC (transient photocur-
rent) [20] is the key means to reveal the microscopic working mechanism of photovoltaic
devices. By analyzing the TPV and TPC detection data, we can obtain the dynamic process
information of carrier transport, accumulation, and recombination in photovoltaic devices.
EQE (external quantum efficiency) [21] refers to the ratio of the number of photons emitted
by the device to the number of injected carriers, reflecting the overall luminous efficiency
of the device. The density of defect states is mainly seen in solar cells. We use the FET (field
effect transistor) [22] to study the mobility and trap state density of the exchanged CQD
films. GISAXS (grazing incidence Small Angle X-ray Scattering) [19] mainly measures the
nanoparticle (structure) information on and inside the surface film.

4. Principles of Ligand Exchange in Solution

The main purpose of solution phase ligand exchange is ligand removal and passivation.
The synthesized PbS CQDs have a large number of oleic acid (OA) ligands. However, the
long-chain OA ligands are insulators, which will affect carrier transport [12]. Generally,
in solar cell applications, the long-chain ligand is replaced by the short-chain ligand to
reduce carrier transmission obstruction, reduce trap states, increase mobility, and increase
tunneling probability [12]. The ligands on the surface of CQDs have a significant effect
on the physical and chemical properties of CQDs. The CQD surface is modified by halide
ions after the phase transfer process. At the same time, the stability of CQD ink is also
affected by the chemical properties of the CQD surface, so the ligand exchange process is
very important. The principle of ligand exchange in solution phase is shown in Figure 2.
PbX; dissolved in DMF solution is added to the quantum dot solution capped by OA.
After mixing and stirring, CQDs are transferred from the nonpolar phase (octane) to
DME, and the OA ligand is replaced by a halide ligand, assisted by additive ions [19].
The surface of CQDs is easily affected by the environment, so the solution phase ligand
exchange needs to passivate the surface of CQDs. The short-chain ligand increases the
surface coverage, reduces the attack of water and oxygen, reduces defect states, reduces
nonradiative recombination, and increases carrier lifetime [11,23].



Coatings 2024, 14, 761

40f12

\/zk?b solution state ligand exchange »
® - 5.
= D, P » ¢ 0 QDs
= ) .,
Halide solution . . > halide ligand

CQDs Ink
) Spin Coating

Annealing

T SRR

Figure 2. Schematic diagram of solution phase halide ligand exchange. First, halide was used to

replace all organic ligands in solution. One-step spin coating was used for film fabrication, followed
by an annealing process. The image inside shows the ligand exchange process. Reprinted from
reference [15]. Copyright 2016 The Royal Society of Chemistry.

4.1. Ligand Exchange of (111) Facet

The surface of the synthesized PbS CQDs is mainly composed of a lead-rich (111)
facet and a small amount of (100) facet. The smaller the size of (111) facets, the larger the
proportion of (111) facets [7].

In general, the original ligand exists on the (111) facet, and the surface ligand is
removed to reduce trap states and improve carrier mobility. A large number of studies
have been conducted on the removal of the OA ligand. The additives and chemical reaction
equations used are shown in Table 1. The purpose of additives is to accelerate the removal
of the OA ligand and increase the coating of the replacement ligand. For the (111) facet,
ligand removal is as important as passivation.

Table 1. The additives and chemical equations used for the purpose of ligand removal.

Additives Chemical Equations
NH;Ac and PbX; (Br, I) PbS-OA CQD -+ PbX, (Br, I) V4 PbS-PbX, (Br, I) CQD
NH,Ac, Pbl, and CsI PbS-OA CQD + Pbl, + CsI 44 PbS-CsPbI;-P CQD
Carboxylates (formate, acetate and propionate) PbS-OA CQD + Pbl, + RCOO™ — PbS-Pbl, + RCOO~ CQD
CPT, NH4I, and PbX, (Br, I) PbS-OA CQD + CPT + NH4I + PbX; (Br, I) — PbS-CPT + PbX, (Br, I) CQD
NH4I PbS-OA CQD + Al — PbS-AI CQD
NaAc and PbX, (Cl, Br, I) PbS-OA CQD + NaAc + PbX; (Cl, Br, I) — PbS-NaAc + PbX, (Cl, Br, I) CQD

In 2016, Sargent et al. [19] proposed a new solution phase ligand exchange process
using lead halide and ammonium acetate. The solution phase ligand exchange process is
shown in Figure 3a. During the exchange process, the bulky oleic acid ligand is replaced
by [PbX3]~ anion with the help of ammonium ion. Both [NH4]" and [PbX]* contribute to
the colloid stabilization of nanocrystals in polar solvents. After ligand exchange, CQDs are
precipitated by adding antisolvent. The mixed solvent takes away NH4Ac and excess lead
halide salts, leaving [PbX3]~ /[PbX]*-capped CQDs solid without any organic residues.

Metal halide perovskite has a good lattice match with PbS, and perovskite becomes
a new modified material on the surface of PbS CQDs, forming a core—shell structure [24].
MAPDI; has been used as the surface ligand of PbS, but the device efficiency is low. In
2017, Xiaoliang Zhang et al. [16] used Csl and Pbl, to grow a CsPbl; perovskite layer on
the surface of PbS as the surface ligand, and achieved 10.5% power conversion efficiency.
The solution phase ligand exchange process is shown in Figure 3b. Perovskite has a good
match with PbS, which is coated with PbS.

Inorganic ligands are now widely used, but the use of liquid ligand exchange methods
remains challenging. In 2019, Donglin Jia et al. [18] used NHyl as the ligand to passivate
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the surface of CQDs. The ligand exchange process is shown in Figure 3c. NHyI is dissolved
in DMF solution, PbS solution is injected into DMF solution, NHyl ligand replaces OA,
precipitated with reverse solvent, and is finally dissolved in propylene carbonate. Lead
halide was also used as a ligand for comparison. The results show that the ammonium ion
interacts with the iodide ion to form a charge layer on the surface of the CQDs, and the
moderate Lewis base of propylene carbonate makes the quantum dot solution of the NHyl
ligand more stable [18].

In the early-phase ligand exchange studies, lead halide was combined with organic
salts (CH3NH;3I, NHyl, and CH3CH;COONHy), but the organic part was not directly
involved in the passivation of the terminal surface sites of CQDs [25]. The iodine atom
passivates the unsaturated metal atoms on the surface of the quantum dot, while the
organic part’s role is limited to the charge balance that provides colloidal stability for the
quantum dot. In 2019, Debranjan Mandal et al. [25] passivated the surface of CQDs using
a solution mixture of lead halide-NH4I and 3-chloro-1-Propanethiol (CPT). As shown in
Figure 3f, the OA ligand is removed. In the case of mixed passivation, the optical and
electrical properties of PbS CQDs are obviously improved due to the increase in dispersion
and the decrease in electron trap state, and the efficiency of the hybrid passivation solar cell
reaches 10.3% [25]. This passivation strategy is compatible with the solution phase ligand
exchange process and allows the development of quantum dot inks for one-step deposition
of thick conductive CQDs films. Advances in surface engineering have resulted in higher
monodispersion and lower defect density of quantum dot solids.

CQDs such as metal chalcogenides can be tuned to absorb infrared photons and
designed as solar cells, which could complement existing photovoltaic technologies based
on crystalline silicon, which cannot absorb photons above 1100 nm. Previous single
lead halide passivation strategies led to poor performance of infrared solar cells due to
passivation or poor transport [26]. James Z. Fan et al. [27] 2019 reported a hybrid metal
halide passivation strategy that combines multiple lead halides (Pbl,, PbBr,, and PbCl,)
to achieve surface passivation (Figure 3d). Compared with PbS film passivated by Pbl,,
the surface coverage and mobility of PbS solid passivated by mixed lead halide ligand
increased 1.7 times and 1.6 times, respectively. These devices have higher open-circuit
voltage and maintain higher short-circuit current density.

ePb ¢S eOeCse 1 ¢C ¢ H

PbS-0A ePbcS e0eNel eCcH

Ligand Exchange

]
e~ T CICH S H (CPT) &° Pbly

H O oC ®Pb ©S @Halide

Figure 3. The process of ligand exchange when different additives are used. (a). Solution phase
ligand exchange with metal halide precursors and ammonium acetate. Reprinted from reference [19].
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Copyright 2016 Springer Nature Limited. (b). Schematic illustration of the fabrication process
of inorganic CsPbl3-P coating on the PbS CQDs. Reprinted from reference [16]. Copyright 2017
WILEY-VCH. (c). Process of solution state ligand exchange with Al to replace the OA on QD surface.
Reprinted from reference [18]. Copyright 2019 WILEY-VCH. (d). Typical lead halide exchange
from an oleate-capped PbS CQDs to a halide-capped PbS CQDs. Reprinted from reference [27].
Copyright 2019 WILEY-VCH. (e). Schematic depicting formate-assisted ligand exchange on PbS(111)
facets. Reprinted from reference [28]. Copyright 2019 American Chemical Society. (f). Schematic
representation of oleic acid (OA)-capped, Al- and CPT + Al-treated PbS CQD surface. Reprinted
from reference [25]. Copyright 2019, American Chemical Society.

After a lot of device engineering research, the efficiency of infrared PbS devices has
been increased to more than 1% [26]. The strong steric hindrance of the original ligand
prevents the diffusion of lead halide, resulting in a large energy barrier for ligand exchange.
Therefore, a considerable portion of the original ligand remains on the surface of CQDs,
resulting in poor carrier transport [28]. Mengxia Liu et al. [28] found that surface passivation
of CQDs can be promoted by using short-chain carboxylate. Short-chain carboxylic groups
increase the packing density of the ligands, forcing the oleates to rearrange due to spatial
effects, ultimately weakening their binding [28]. The process is shown in Figure 3e. Due
to steric hindrance, the presence of short-chain carboxylate alters the optimal geometric
configuration of oleate, and the use of carboxylate provides a halogenated saturated surface,
showing less OA residue.

4.2. Passivation of (100) Facet

In the solution phase ligand exchange method optimized for small-diameter PbS
CQPDs, the ligand exchange between the native oleate ligand and the lead halide anion
with the assistance of NH;" mainly occurs on the polar (111) side of the Pb enrichment
site. However, this approach is not applicable for large-diameter PbS CQDs. As the CQD
size increases, the portion of nonpolar (100) facet with low surface energy increases at
the expense of the cation-rich polar (111) facet [7,29]. Oleic acid is more weakly bound
to the nonpolar (100) facet compared to (111) facet [30]; indeed, it detaches readily from
the (100) facet in polar solvents. The (100) facet has fewer ligands and is vulnerable to
oxidation, which leads to the increase in defect state density, the increase in nonradiative
recombination of carriers, and the influence of carrier transport. Figure 4a shows the XPS O
Is spectra [31]. Due to the fewer ligands of the (100) facet, the PbS on the surface of (100) is
oxidized to form PbSO4 and PbSOj3 [31]. At present, there are some studies on passivation
of the (100) facet, and the additives currently used are shown in Table 2. For the (100) facet,
passivation is dominant and ligand removal is complementary.

Intensity (a.u.)

538 536 534 532 530 528 526
Binding energy (eV)

Figure 4. (a). XPS O 1s spectra of Pbl,-passivated CQD solids before and after AM1.5 illumination
for 30 h in air. Dashed lines indicate the different chemical bonding states of oxygen (529.3 eV for
PbO, 530.9 eV for PbSOs3, and 531.7 eV for PbSOy). (b). Schematic illustration of the degradation
process of Pbl,-passivated PbS CQD solids by oxidation. Reprinted from reference [31]. Copyright
2020, WILEY-VCH.
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Table 2. The additives and chemical equations for (100) facet passivation.

Additives Chemical Equations
KI PbS-OA CQD + PbX, (Br, 1) + KI ¥ 3 PbSKI + PbX, (Br, I) CQD
KI; PbS-OA CQD + PbX,(Br, 1) + KI; " 4 PbS-KI5 + PbX, (Br, I) CQD
NaAc PbS-OA CQD + PbX; (Br, I) + NaAc — PbS-NaAc + PbX; (Br, I) CQD

The surface of PbS (100) has less ligands due to the presence of S. Most methods of
passivation of the PbS (100) facet use large cations to bind S and lead halide to Pb. In 2019,
Sargent et al. [32] adopted NaAc as an additive. NH4Ac can enhance the removal of the
original ligand, but cannot passivate the (100) facet. Na ions can selectively passivate the
non-polar (100) facet (Figure 5c), resulting in passivation of both the (100) and (111) facet
of the CQD surface [32]. The theoretical calculation results also show that the adsorption
strength of Na* on the (100) facet is stronger than that of NH,* [32]. Since Na* passivates
the (100) facet, the aggregation of CQDs is reduced and the number of ligands on the
surface of CQDs is increased, which is beneficial to the stability of CQDs and the efficiency
of the device. Later, after KI was used as an additive and the OA ligand was replaced by
the halide ligand, K* ions passivated the (100) facet to reduce the oxide on the CQD surface
(Figure 5a), and 17, as a passivating agent, could passivate the (111) facet, increasing the
halide surface coverage and surface passivation [31]. The shielding effect of KI increases
the device efficiency from 11.4% to 12.6%. In 2020, Shujuan Huang et al. [17] used KI3 as an
additive. Using KI3, the advantages of KI and I, can be combined. By reacting with free I,
molecules, the low-charge Pb and suspended S sites on CQDs are eliminated. PbX; and KI
ligands construct a strong high-surface covering shell on CQD to inhibit water or oxygen
attack.

Process 1
Pb\

Before ligand

exchange

(1)

(m)

PbX;~
+AAc

100)

PbXy

. AC..

) Lo Process 2
With K shielding layer 6 PbX, S
After ligand exchange b,
4 Process 3

Random aggregation and fusion
by unpassivated(100)facets

or @ry* 8

Na-passivated (100)

Figure 5. (100) facet passivation. (a). KI-shielded PbS CQD solids. Reprinted from reference [31].
Copyright 2020 WILEY-VCH. (b). The hypothetical effects of ligand exchange processes in the
three types of solutions and oxygen attack on ligand exchanged PbS CQDs. (The compared atoms
are marked by the arrows during the ligand exchange procedure.). Reprinted from reference [17].
Copyright 2020 WILEY-VCH. (c). Lead-halide-passivated CQDs with Na-passivation on the (100)
facets. Reprinted from reference [32]. Copyright 2019, WILEY-VCH.

4.3. Removal of Hydroxyl (-OH)

In 2014, Zherebetskyy et al. [30] reported that when PbO is used as a precursor, the
hydroxyl (OH) group stays on the PbS (111) facet during synthesis. The formation process
of the hydroxyl group on the (111) facet is shown in Figure 6. PbO is dissolved in hot oleic
acid to form Pb(OA);. When the (111) facet is formed, one OA in the Pb(OA), complex is
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separated from the Pb surface due to steric hindrance, the HO molecule is dissociated to
form an OH group on the Pb surface, and H* combines with desorption OA™ to form oleic
acid [30]. In addition, some studies also prove that hydroxyl can be brought in the process
of PbS cleaning by an additional solvent [21], and water in the environment can also cause
hydroxylation of PbS [33]. These hydroxyl groups (OH) are the source of PbS surface defect
states, which seriously affect the properties of PbS and device performance.

reconstructed reconstructed

Figure 6. Multistep process for building up the (111) facets of a PbSNC. (A) Pb(OA),---H2O precursors
approach the nonpolar and stoichiometric (111) facets. (B) Pb ions bind to surface vacancies. (C) One
of the two OA™ in each Pb(OA),---HyO complex is removed because of steric effects, and the water
molecule dissociates to provide an OH™ group to the surface and H* for desorbing OA™. (D) The
desorbed OAH molecules dimerize in the solvent. Reprinted from reference [30]. Copyright 2014,
The American Association for the Advancement of Science.

In some studies, removing surface the hydroxyl group can effectively improve device
efficiency. The main additives are listed in Table 3.

Table 3. The additives and chemical equations for hydroxyl (-OH) removal.

Additives

Chemical Equations

PbBr; was added to the synthesis process

PbS-OH~ CQD + PbBr; — PbS-PbBry CQD
PbS-OA CQD + PbX, (Br, I) V4% PbS-PbX, (Br, I) CQD

HI PbS-OA + OH~ CQD + HI + PbX (Br, I) + NaAc — PbS-PbX, (Br, I) + HI CQD
CPT and NH,I PbS-OA + OH~ CQD + CPT + PbX, (Br, I) + NH4I — PbS-CPT + PbX; (Br, I) CQD
MPA was added to butylamine PbS-OA + OH~ CQD + MPA + Pbl, "% PhS-MPA + Pbl, CQD

In 2020, Bin Sun et al. reported a surface reconstruction process to reduce the amount
of OH [34]. During the synthesis of PbS, PbBr, was injected into the solution when the
solution was cooled to 60 °C (Figure 7a). Br~ competed with hydroxyl (-OH) to reduce
the surface OH density [34]. Through ligand competition, the synthesized PbS has better
monodispersity and the surface defect states are reduced. Jea Woong Jo et al. [22] proved
that adding acid can enhance OA ligand shedding and HI selection can enhance OH
removal by adding acid (Figure 7b). HI can also promote the formation of dense PbS
CQPD film through proton and I ions, remove organic residues, and better passivate the
surface of CQDs. Mengfan Gu et al. [35] added MPA with two functional groups (thiols
and carboxylic acids) to the butylamine solution at the end of ligand exchange and after
vacuum drying. MPA in butylamine would replace OH and better passivate the surface of
CQDs (Figure 7c). Debranjan Mandal et al. [20] used CPT and NHyl as additives to remove
OH during ligand exchange and reduce aggregation between CQDs (Figure 7d).
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Figure 7. Schematic illustration of hydroxyl (OH) removal. (a). PbBr; in-synthesis reconstruction.
Reprinted from reference [34]. Copyright 2020 American Chemical Society. (b). HI-assisted solution
phase ligand exchange on the (111) facets of PbS CQDs. Reprinted from reference [22]. Copyright
2018 American Chemical Society. (c). MPA-treated PbS QD ink. Reprinted from reference [35].
Copyright 2019 The Royal Society of Chemistry. (d). CPT and NHyl passivate (111) facets. Reprinted
from reference [20]. Copyright 2021, American Chemical Society.

4.4. Energy State Distribution Adjustment

The short-chain ligand is used in the ligand exchange process of CQDs, which increases
carrier mobility, enhances surface passivation, and reduces trap states. However, the use of
short-chain ligand will result in the aggregation of CQDs and poor size dispersion, which
will seriously affect the film properties and device performance [36]. Ligand selection is
the key to change the dispersion of CQDs. Some researchers mainly studied the removal of
surface ligands while maintaining the monodispersity of CQDs. The main additives used
are shown in Table 4.

Table 4. The additives and chemical equations for the energy distribution of carriers are regulated.

Additives Chemical Equations
MAI PbS-OA CQD + MAI + TBAI — PbS-MAI + TBAI CQD
Pb-thiolate PbS-OA CQD + Pb-MESNA(GSH) — PbS-MESNA(GSH) CQD

NH,Ac + TBAA
—

NHjAcand TBAA  PpS-OA CQD + PbX; (Br, 1) PbS-OA + PbX; (Br, I) CQD

In order to introduce more iodine to the surface of CQDs without adverse effects of
aggregation, Xinzheng Lan et al. [29] in 2016 treated CQDs with methylamine iodide (MAI)
by using a much milder iodine source and the ion pairs formed by MA*-OA ™~ will further
hinder the fusion between CQDs. The ligand exchange process is shown in Figure 8a.
Aabhash Shestha et al. [37] used mercaptan ligand to explore the surface properties of PbS
CQDs. The study found that if mercaptan was directly used for ligand exchange, Pb atoms
on the surface of PbS would be removed, and the use of lead-thioate could enhance the
removal of the OA ligand and maintain the stability of PbS CQDs (Figure 8b). Jea Woong Jo
et al. [36] reported in 2017 that maintaining traces of OA on CQD surfaces helps improve
equipment Voc. The weak acidity of tetrabutylammonium iodide (TBAA) favored the
retention of OA ligands and inhibited the fusion and etching between CQDs (Figure 8c).
The enhanced monodispersity inhibits band tails and energy disturbances, thus reducing
the energy loss of devices [36]. Although the retention of OA leads to a decrease in carrier
mobility and an increase in radiation compound loss, the carefully controlled proportional
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Ry = CoHi3
R, = CH;

TBAA (AA:TBAA = 0.2:1) [36] can avoid a significant reduction in the Jsc and fill factor
(FF) of the equipment and improve the final equipment efficiency from 10.1% to 10.9%.
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Figure 8. (a). Ligand shell changes following MAI treatment. DMF-solvated I" ligands partially
replace long-chain oleate ligands on the CQD surface. An additional shell of MA*-OA ™ ion pairs is
formed as a result of the electrostatic attraction, thereby offering steric hindrance in addition to tightly
bound oleates remaining on the surface. Reprinted from reference [29]. Copyright 2016 American
Chemical Society. (b). Schematic illustration for the ligand exchange using only thiol as exchanging
ligand, and Pb-thiolate as the exchanging ligand. Reprinted from reference [37]. Copyright 2016
WILEY-VCH. (c). Schematic illustration of the control by mixing AA and TBAA reagents. Reprinted
from reference [36]. Copyright 2017, WILEY-VCH.

5. Conclusions

Our paper reviews the operating processes and additives used in solution phase
ligand exchange for PbS CQDs. In solution phase ligand exchange, the long-chain ligand
is replaced with the short-chain ligand, the surface is passivated, and the energy state
distribution is narrowed. PbS is mainly composed of the (100) facet and (111) facet. For
the (111) facet, both ligand removal and surface passivation are equal, while the surface of
(100) is mainly passivation, supplemented by ligand removal. Surface hydroxyl groups
produced during the synthesis process contribute to the properties of PbS, and the removal
of hydroxyl groups from the surface has also been the subject of research in recent years.
PbS CQDs are easy to aggregate, and increasing the monodispersity of particles improves
device performance. This paper summarizes the characterization technology of CQD films
and carrier dynamics. Currently, ligand research is primarily focused on improving electron
transport, but little research has been conducted on improving hole transport. It should be
noted that dimethylformamide (DMF) solution is the most polar solvent used to exchange
ligands in the solution phase, and only a few polar solvents are chosen for the process.
There should be continued research into the exchange of ligands in liquids.
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