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Abstract: Colloidal semiconductor nanocrystals have generated tremendous interest because of
their solution processability and robust tunability. Among such nanocrystals, the colloidal quantum
dot (CQD) draws the most attention for its well-known quantum size effects. In the last decade,
applications of CQDs have been booming in electronics and optoelectronics, especially in photo-
voltaics. Electronically doped semiconductors are critical in the fabrication of solar cells, because
carefully designed band structures are able to promote efficient charge extraction. Unlike conven-
tional semiconductors, diffusion and ion implantation technologies are not suitable for doping CQDs.
Therefore, researchers have creatively developed alternative doping methods for CQD materials
and devices. In order to provide a state-of-the-art summary and comprehensive understanding
to this research community, we focused on various doping techniques and their applications for
photovoltaics and demystify them from different perspectives. By analyzing two classes of CQDs,
lead chalcogenide CQDs and perovskite CQDs, we compared different working scenarios of each
technique, summarized the development in this field, and raised our own future perspectives.
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1. Introduction

Energy is one of the most fundamental ingredients of our modern lives. Almost
every active process in our daily life, including industry, agriculture, etc., requires an input
of energy because of the law of conservation of energies. However, the current climate
crisis raises a complicated challenge for the energy industry: maintaining the energy
production level while reducing greenhouse gas emission, since 87% of global greenhouse
gas emissions are from the energy production process [1]. Renewable energy is at the
heart of the solution to this challenge. Currently, the global renewable energy market is
growing fast, at a compound annual growth rate of 6.5%, and it reached USD 881.7 billion
in the year 2020. The market is expected to expand to around USD 2 trillion by 2030 [2].
Among all renewable energy production routes, solar energy stands out because of its great
potential—the amount of solar energy reaching the surface of the planet is so vast that in
one year, it is about twice as much as will ever be obtained from all of Earth’s non-renewable
resources of coal, oil, natural gas, and mined uranium combined [3]. Photovoltaic (PV)
devices (solar cells) are the star candidate to harvest solar energy because of their unique
properties such as low cost, compatibility with smart energy networks, and suitability with
urban residential areas. With the evolution from the first-generation (crystalline silicon)
and second-generation (amorphous silicon, CIGS, CdTe) devices, the third-generation
solar cells are in rapid growth. The colloidal quantum dot (CQD) solar cells have come
to the spotlight of the third-generation solar cells, with their power conversion efficiency
(PCE) surpassing 18% [4]. CQDs, also known as artificial atoms, are nanometer-sized
semiconductor particles dispersed in solvents. The nanometer sizes offer 0D-confinement
to charge carriers in CQDs, which produce multi-exciton generation (MEG) to go beyond
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the Shockley—Queisser limit [5] for PCE in solar cells. Moreover, CQDs’ tunable spectrum
and solution processability endow them with great potential to be used in a variety types
of optoelectronic devices and fabricated at low cost by solution-based mass production
processes such as printing technologies [6]. Various CQDs, such as PbS and CsPbl3, have
been demonstrated to produce high-performance solar cells.

Analogous to the first and second generations of solar cells, the emerging third gen-
eration of solar cells also involves both p-type and n-type materials to build up junctions
in order to separate electrons and holes and extract them. Thus, controllable doping tech-
niques for CQDs are necessary to tune the band structures to construct proper junctions
for efficient charge extraction. Doping technologies such as diffusion or ion implantation
are widely employed in conventional semiconductor manufacturing. However, these tech-
nologies are not suitable for CQDs. Even though doping individual CQDs or CQD solids is
always challenging, researchers in this field still manage to achieve successful doping by
various creative strategies.

In this article, we will review works on doping colloidal quantum dot materials and
solar cells and demystify these from different perspectives, as shown in Figure 1. This article
will primarily focus on two major types of CQD solar cells, lead chalcogenide CQD solar
cells and perovskite CQD solar cells. The doping strategies will be explained in a manner
of two categories, doping individual CQD (doping via synthesis, stoichiometric tuning,
and ion exchange) and doping CQD solids (remote doping and ligand exchange). Then, the
doping mechanisms will be discussed, and applications of the doping strategies in CQD
solar cells will also be elucidated by discussing milestones and different motivations of CQD
doping, such as building heterojunction/homojunction, band alignment, and extending
depletion region. It should be noted that in this article, the term “doping” refers to electronic
doping, which means that the physical dopants will modify the band structure of the CQDs.
The doping of CQDs is slightly different from that of conventional semiconductors. In
conventional semiconductors, the dopants are heterovalent to the semiconductor materials,
which means they have different numbers of valence electrons from the semiconductor
material. The “doping” with isovalent “dopants” should be addressed as alloying. In
CQD research, especially perovskite CQD research, isovalent alloying is also widely called
doping because of its ability to tune the band structures and free carrier concentrations.
Thus, the “doping” in this article will also include the “alloying” process.
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Figure 1. The overall framework of this review. Reprinted with permission from [7,8]. Copyright
2015 and 2019 American Chemical Society.
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2. Candidate Materials for CQD PVs

For CQD solar cells, one needs to consider the bandgap in order to acquire higher-
efficiency cells. The Shockley-Queisser limit shown in Figure 2 indicates that there are
two specific bandgap values one can take advantage of, the 1.16 eV and 1.37 eV positions.
When a particular type of semiconductor is shrunk to QD, the absorption edge will be
blue-shifted [9]. For example, the absorption edge of bulk PbS is over 2000 nm [10], which
is in the mid-infrared range. However, by making it into CQDs, the absorption edge, which
is now the first excitonic peak, can be tuned into the near-infrared range (~1000 nm). With
this context, two classes of CQDs are receiving an exceptionally large amount of attention
in PV research, lead chalcogenide CQDs and perovskite CQDs, because of their suitable
bandgaps. Examples are shown in Table 1. This article will mainly discuss these two types
of materials.
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Figure 2. Shockley-Queisser limit: PCE vs. bandgap [11].

It should be noted that PbS and PbSe CQDs are the most researched materials in lead
chalcogenide CQDs. There are a few reports about PbTe CQD solar cells, and some have
reached MEG in this system [12]. However, PbTe CQD solar cells will not be discussed here
due to the less-competitive PCE values.

Table 1. Examples of CQD solar cells.

CQD Type Bandgap Size PCE Ref.
Lead o
PbS chaleogenide ~1.34 eV 3nm 11.28% [13]
Lead 0
PbS chalcogenide ~13eV ~3 nm 12.48% [14]
PbSe Lead ~l4eV ~2.5 nm 10.4% [15]
chalcogenide
PbSe Lead 137 eV 2.5nm 10.38% [16]
chalcogenide
CsPbl; Perovskite 1.75eV 9 nm 10.77% [17]
Cs1_,FA Pbl;  Perovskite 1.64 eV 14 nm 16.6% [18]

3. CQD Doping Techniques

As previously stated, doping CQDs is challenging. There is a “self-purification”
phenomenon widely existing in nanocrystals. Turnbull developed a statistical model
stating that tiny crystals tend to purify themselves [19], and others attributed it to the much
lower solubility of impurities in nanocrystals than in bulk semiconductors [20]. However,
scientists still paved the way towards doping CQDs. The developed techniques can be
generally divided into two categories: individual CQD doping (synthetic, stoichiometry
tuning, and ion exchange), which is incorporating impurities within the CQDs in the colloid
phase, and CQD solid doping (remote doping and ligand exchange), which is introducing
the impurities to the CQD solid films.
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3.1. Doping Individual CQDs
3.1.1. Doping via Synthesis

Incorporating impurities inside the QD during the synthetic process is the most
straightforward way to dope CQD that one can think of. Even though, as what is stated
before, according to the statistical model, tiny nanocrystals, including CQDs, are hard to
dope, many scientists still have successfully achieved doped nanocrystals, and even CQDs.
Quite a few scientists argue that the “self-purification” statistical model is incomplete. One
fundamental assumption of this model is that the nanocrystal is in thermodynamic equi-
librium with its environment, including chemical equilibrium with reservoirs of impurity
and nanocrystal constituents. The atomic exchange between the reservoirs and the system
must be possible [21]. Since the mid-1990s, there have been reports about doping Mn in
ZnS nanocrystals in the synthesis process [22,23].

The synthesis processes of CQDs are usually hot-injection, which include hot precur-
sors before the reaction. By injecting the reactants into the precursor quickly, nucleation is
initiated due to induced supersaturation [24]. In most works of this class, the impurities
will be included in the precursors. By this method, in 2000, Hoffman et al. successfully
doped Mn to CdS QDs [25]. Besides Mn, Co is another dopant for CQDs that was widely
researched at this stage [26]. However, both Mn and Co are isovalent dopants, which will
not bring in additional carriers, as stated in the introduction. This type of doped CQDs
sometimes has difficulty when applying to electronic and optoelectronic devices [27]. Thus,
Ag-, Au-, Cu-, and Cd-doped InAs CQDs attracted more attention in the early 2010s [28,29].
In 2012, Norris et al. reported Ag-doped CdSe CQDs and developed thin-film transistors
utilizing them. After that, other types of CQD doping methods via the synthetic route were
also reported [30,31].

Successful doping on lead chalcogenide CQDs by the synthetic route has also been
published. Kang et al. reported Ag doping in PbSe CQDs [32]. They tuned the dopant
concentration from 5.8/dot to 63/dot, and the mobility did not change significantly with
the dopant concentration. In 2013, Stavrinadis et al. reported Bi doping in PbS CQD, which
enabled n-type doping with free carrier density over 1 x 1017 cm~3, and they built PbS
CQD homojunction solar cell by utilizing this type of CQD [33]. Saha et al. also explored
the Bi doping method in making heterojunction PbS CQD solar cells [34].

Even though most of the earliest doped CQDs have not been applied to any solar cells,
in recent years, with the rapid development of perovskite CQD solar cell, the synthetic route
has returned to the spotlight. A perovskite material is usually in the form of ABX3, where
A (Cs, formamidinium (FA, HC(NH,); ), methylammonium (MA, CH3NH§|r ), etc.) and B
(Pb, etc.) are the cation sites while X (normally halides) is the anion, as shown in Figure 3.
Fortunately, the defect tolerance of the lead halide perovskite is very high [35-38], so
perovskite CQDs are easier to dope by the synthetic route. Both isovalent and heterovalent
dopants have been accomplished in the perovskite CQD system by adding additional
precursors or reactants during the hot-injection process. Regarding isovalent dopants,
in 2017, Prostesescu et al. reported doping the A-site with FA by mixing two different
precursors [39]. Suri et al. demonstrated alloying of the X-sites by introducing multiple
PbX; reactants during synthesis [40]. Yao et al. reported doping of the B-site with Sr by
using strontium halide as the reactant [41], and successfully blue-shifted the first excitonic
peak for more than 100 nm. Similar dopants, such as Mn, have also been reported [42,43]. It
should be noted that Ni is another B-site dopant accomplished through the synthetic route,
but it will cause red-shift because the smaller size of Ni will bring lattice contraction [44].
Heterovalent doping was achieved by Pan et al. by demonstrating that the lanthanide
dopants will change the bandgap and create additional in-gap states [45].
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Figure 3. Illustration of the structure of perovskite. Reprinted from [46] with permission from
Creative Commons CC BY 4.0 license http:/ /creativecommons.org/licenses/by/4.0/ accessed on
5 February 2022.

Table 2 summarizes iconic examples of CQD doping by synthesis from previous
reports. The lead chalcogenide CQDs are listed more similar to traditional semiconductors
(doping type, mobility, free carrier concentration, etc.). The perovskite CQD research
community typically focuses more on the bandgap and band structure, so the perovskite-
CQD part of the table showcases this information. The rest tables of this article also conveys
information in this way.

Table 2. Significant examples of the doping effect by synthesis.

Free Carrier

CcQD MOE)lllty Doping Concentration Dopant Ref.
(cm=/Vs) Type (cm3)
~25 x 1072
PbSe 45 % 10-2 p-type NA Ag [32]
(FET)
1 x 10V .
PbS NA n-type 14 % 107 Bi [33,34]
(Bi:Pb > 3%)
First-Excitonic Conduction Valence Fermi
cQp Peak Band (eV) Band (eV) Level (eV) Ref.
Csg9FA(1Pbls 680 nm (PL) NA NA NA [39]
Cs;_,FAPb 516 nm-760 nm NA NA NA [40]
(Bry_,1y)3 (PL, x from
0to1)
650 nm—-690 nm
CsPbq_,Sryl3 St ranging NA NA NA [41]
from 0 to 5%
580 nm—-620 nm
CsPby_,Mn,I3 Mn ranging NA NA NA [42]
from 0 to 16%
CsPb,_,Zn,Brs 700 nm~-680 nm —3.90 (Zn 0%) —5.67 (Zn 0%) —4.32 (Zn 0%) [47]
Zn ranging —3.80 (Zn 7%) —5.61 (Zn 7%) —4.40 (Zn 7%)
from 0 to 11%
CsPbl,Br 620 nm (abs.) —3.69 —5.60 NA [48]
CsPbCls: 395 nm-405 nm NA NA NA [45]
lanthanide different

lanthanides
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3.1.2. Doping via Stoichiometry Tuning

Stoichiometry is another factor that can be manipulated to dope the CQDs. The
stoichiometry of a semiconductor indicates the vacancies, dangling bonds, etc., in materials.
Thus, it is strongly associated with doping and trap sites [49,50]. The stoichiometric-
imbalance-originated doping has been well researched in bulk lead chalcogenides [51-53].
In 2013, Oh et al. from the Kagan group demonstrated that by evaporating excessive Pb
or Se on the surface of PbSe CQDs, as shown in Figure 4a, the free carrier concentration
would dramatically change [54]. Extra Pb deposition will make the film n-type, while
Se will cause the p-type behavior. This strategy can tune the free carrier concentration
from 10'® cm~3 to 10" cm~3. PbSe CQD solar cells based on this strategy were also
developed, as demonstrated in Figure 4b. The Kagan group also extended this strategy
to other nanomaterials such as CdSe nanocrystals [55]. Balazs et al. from the Loi group
also reported that by tuning the S content of PbS quantum dots, density of states will
change [56].

a b ' ; S—
Excess Pb prrrr . /|
depositi {onferfcs{ ¢ :

position_ ‘}@\&’:, ¥ | ' 0 . |
= 5> e e |
4 7 & pepotess M0/ C £ g -20 |
Pb rich n-type device o g B T EE
<. Votage V)
g‘\f;;:?d \ Pristine Pbrich Serich
- N i) ii) iii)
PbX NCs device  Excess Se P — R
deposition
5\.@3 V) - iv) =--.

o

Current density [nA/cm’]

Cument density [nA/cm’]

Serich p-type device N+ \};‘n 00 02 04706 ‘
Figure 4. (a) Illustration of tuning stoichiometry of PbX CQD. (b) Characterization of PbSe CQD solar
cells with different stoichiometry. Reprinted with permission from [54]. Copyright 2013 American
Chemical Society.

3.1.3. Doping via Post-Treatment Ion Exchange

Besides the synthesis process, ion exchange can also be achieved in the after-synthesis
processes, generally in the colloid phase. By simply adding external ions to CQD colloids
(usually in an inert atmosphere), some reactions will happen to accomplish the ion exchange.
Some of the earliest keystone works in this category are by the Banin group [28,57]. They
utilized the interstitial-substitutional diffusion mechanisms and selected the dopants by
the diffusion coefficient. The metals with a diffusion coefficient that is larger than the
self-diffusion coefficient are considered as “fast” diffusers. The diffusion will thus happen
at room temperature. The Banin group reported Au, Ag, and Cu doping of InAs CQDs.

The post-treatment ion exchange strategy has been utilized in lead chalcogenide CQDs.
In 2016, Lan et al. reported a molecular-level exchange on PbS CQDs by using the redox
reaction of PbS + I, = Pbl, + S [58]. However, in this paper, the I, substitution is just for
surface passivation. Both first excitonic peaks and free carrier concentrations remain the
same. Stavrinadis et al., at the Konstantatos group, used the atomic iodine to dope PbS
CQDs and successfully reduced deep traps [59]. Even though the free carrier concentration
is not reported in this paper, the absorption spectrum clearly shows that the position of the
first excitonic peak was shifted. Thus, successful electronic doping can be expected.

Post-treatment ion exchange doping is receiving more and more attention from the
research community of perovskite CQDs in recent years because of its ease in operation.
The doping method is easy and fast, especially for the A- and X-sites doping. By simply
mixing and stirring two types of perovskite CQDs with different A-sites, alloying will
happen. In 2018, Hazarika et al. reported that post-treatment ion exchange could tune the
ratio of Cs and FA, and the emission peak can be altered in a 150 nm range [60]. Regarding
the X-site, ion exchange can be achieved by adding precursors. In 2015, Nedelcu et al. and
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Akkerman et al. independently reported doping/alloying halogen atoms to perovskite QDs
by simple solution-phase post-treatment after synthesis [61,62]. This reaction will finish in
just seconds. Technically, the B-site ion exchange can also be achieved by adding additional
precursors, but it takes a much longer time. Van der Stam et al. reported isovalent doping
of Mn, Cd, Zn, etc., by post-treatment ion exchange, and the first excitonic absorption peak
can blue-shift up to 60 nm [63]. However, the post-treatment took 16 h.

Significant CQD doping results by post-treatment ion exchange are shown in Table 3.

Table 3. Significant examples of the doping effect by post-treatment ion exchange.

CQD First-Excitonic Conduction Valence Fermi Ref.
Peak Band (eV) Band (eV) Level (eV)
Cs;_,FA,Pbl; 680 nm-760 nm —3.80-—4.15 —5.54-—5.70 —5.08-—5.22 [60]
(PL, x from 0 to 1)
CsPb(Cl;_,Bry)s 415 nm-525 nm NA NA NA [61]
(PL, x from 0 to 1)
CsPb(Bry_Iy)3 525 nm-700 nm NA NA NA [62]

CSPb1 ,xSnx BI‘3

Cstl,xCder3

CSPb1 _xanBI'3

(PL, x from 0 to 1)

512 nm-479 nm NA NA NA [63]
(non-linear change)

512 nm—452 nm NA NA NA [63]
(non-linear change)

512 nm-462 nm NA NA NA [63]
(non-linear change)

3.2. Doping CQD Solids
3.2.1. Remote Doping

Remote doping is another approach to dope CQDs. Instead of placing impurities
inside the dots or on their surfaces, remote doping involves injecting charges from another
adjacent material to the target material. This method was developed decades ago and was
initially used in heteroepitaxial layers to obtain high-mobility two-dimensional electron
gases [64]. It was then utilized in other systems, e.g., nanowires [65]. In the early 2000s,
the Guyot-Sionnest group performed extensive research into charge injection to CQD solid
film by electrochemical method [66,67]. The behaviors and properties of the CQDs are
highly correlated with the surface conditions. Some even suggest that QDs are inherently
surface-dominated [50]. By remote doping, the surface condition of the CQD solid can be kept
most desirably. Moreover, remote doping will not interfere with the inter-dot spacing and
film order [68]. A natural method one can think of to easily remote-dope CQD solids is by
placing additional molecules in the solid matrix. The Guyot-Sionnest group is also one of
the pioneering groups in developing this method. In 2000, Shim et al. successfully achieved
remote doping of CdSe QDs by adding sodium biphenyl reagent, which turned the CQDs
to n-type [69]. Even though this remote doping strategy is demonstrated in colloids, it
verified the capacity of remote doping in film by alkali. Following this work, Yu et al.
presented an n-type CdSe CQD film by evaporating K onto the CQD solid to enable remote
doping [70]. In this work, the authors increased the conductance of the film by two orders
of magnitude by remote doping. Since then, different chemicals have been introduced to
remote doping, such as redox buffer [71], cobaltocene [72], and metal-organic complex [68].
Successful QD solar cells have been developed by the remote doping technique, e.g., PbS
CQD solar cell [68] and peroskite CQD solar cell [73].
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Since QD is known as the “artificial atom”, by constructing CQD superlattice and
doping hetero-nanocrystals, one can achieve similar doping behavior to that in bulk silicon.
The Murray group built a binary superlattice of the doping target CQD and another
nanocrystal. In 2007, Urban et al. reported PbTe/Ag,Te thin films which behave as
p-type semiconductors, and the conductivity of the thin-film increased by four orders of
magnitude [74]. In their following work, CdSe CQDs and Au nanoparticles with similar
sizes were used in this superlattice system to achieve substitutional doping [75]. Moreover,
PbSe CQDs are also doped in the same way by simple mix and spin coating, as shown in
Figure 5. The black dots in the SEM picture (Figure 5a) are the dopant nanoparticles, and
Figure 5b shows the doping effect [76].

n-type
e e doping
Au,Ag, @
Tunable
AuAg, o doping
effect
AuAg, NPs doped AuAg, @
PbSe NC films p-type
Al @ doping

Figure 5. (a) TEM picture showing the dopants in the PbSe superlattice. (b) Illustration of AuyAgq_,
NP-doped PbSe superlattice film and the doping effect. Reprinted with permission from [76]. Copy-
right 2018 American Chemical Society.

3.2.2. Ligand Exchange

To stabilize CQDs in colloids (keeping CQDs isolated from each other), molecules
will be capped outside the CQDs during the synthesis, which are identified as ligands.
Usually, these ligands are long-carbon-chain molecules such as oleic acid and oleylamine.
While the molecules keep the mixture as a colloid, the large lengths of them (>1 nm) will
block the carrier from hopping/tunneling from one QD to another after making them into
solids. Thus, normally these long ligands will be exchanged to small molecules or ions
to enhance carrier transport when fabricating electronic or optoelectronic devices. Since
CQDs’ behavior is highly sensitive to their surfaces, one can imagine that by tuning the
ligands, the free carrier concentration of the CQDs will alter. Since the ligand exchange is
necessary for CQD device fabrication, many researchers introduced different ligands to
easily change the doping of the CQD solid without adding extra procedures, especially for
lead chalcogenide CQDs. Unlike other doping strategies, the ligand exchange method is
quite device-oriented. Talapin and Murray are some of the earliest pioneers working on
this route. In 2005, they reported hydrazine ligand exchange on the PbSe CQD solid. The
hydrazine-treated CQDs will behave as n-type, while after mild vacuum heating treatment
(100 °C), the film will turn to p-type [77]. The Sargent group then contributed extensive
investigations in this route by seeking shorter and more controllable ligands to reach
more desirable optoelectronic properties. In 2008, Klem et al. reported that by applying
dithiol ligands (ethanedithiol (EDT)) on the PbS CQDs, the solid would be p-type with a
free carrier concentration of 2 x 10'® cm~3 [78]. Three-mercaptopropionic acid (MPA) is
another molecular ligand widely used in ligand exchange. It is initially applied in CdSe
CQDs [79], and then was introduced to lead chalcogenide CQDs [80,81]. MPA will lead to
p-type doping with free carrier concentration at the same order of magnitude with PbS-EDT
(10 cm~3), but the mobility of PbS-MPA (5.1 x 103 cm?/V-s) is much larger than that of
PbS-EDT (2.4 x 10~* cm?/Vs) [82]. This feature brought broader application of PbS-MPA
in early CQD solar cells because mobility is always the bottleneck for CQD solids. Higher
mobility will drastically increase the short-circuit current (Is;). Halide ligand exchange
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was then identified as an effective method to realize doping with relatively low free carrier
concentration. Tang et al. first reported this technique accomplished by layer-by-layer
deposition with simultaneous ligand exchange [83]. By spin-coating and treating the PbS
CQD film by solutions of halide ionic compound layer by layer, most of the ligands outside
the CQD will be replaced by halide ions (Figure 6a). With the atomic length of halide ions,
better carrier transport between QDs can be expected. In this work, the PbS CQD solid is
p-type doped (10'° cm~2), and the mobility is 4 x 10~2 cm?/V's. The Sargent group then
realized n-type halide ligand PbS CQD solids by processing the solid in an inert atmosphere
or using iodide ligands from tetrabutylammonium iodide (TBAI) in air [84,85].

d

Layer-by-Layer Spin Coating
OA-capped
\PbSCAD N repeat
1layer 9 layers
(+ linker) (+ linker),

ds i dls i Mercaptopropionic acid (MPA)  Ethanedithiol Halides Metal chalcogenide complex (MCC)

Required material: 38.75 g/ m? o] 4- .
/\)j\ HS/\/SH cl, Br, | e.g. Sn,Se (picture above)
HS OH

b

Single Layer Ink Spin Coating
\ PbS €QD ink

\‘ 1 Iaier -

Required material: 0.88 g/m* Halide PbS CQD ink (the ligand can be metal halide complex like Pbl*, Pbl;’)

Figure 6. (a) Illustration of layer-by-layer ligand exchange. Reprinted with permission
from [81,83,86,87]. Copyright 2013 John Wiley & Sons, Inc., 2010 AAAS, 2011 Nature Publishing
Group, and 2009 AAAS. (b) lllustration of single-layer ink spin coating. Reprinted with permission
from [13,86,88]. Copyright 2013 John Wiley & Sons, Inc., 2017 American Chemical Society, and 2017
Nature Publishing Group.

Kovalenko et al. reported another type of ligand, the metal-chalcogenide complex
(MCCQ), such as Snzsg* (right panel of Figure 6a) and SnZSeé*, by simply mixing and
stirring [87]. In the following years, the Talapin group reported more MCC ligands, such as
IHZSei_ and Assg_ [89-92]. CQD solids with MCC ligands showed n-type doping behavior
and amazing mobilities of over 1 cm?/V-s [87,90]. This class of ligands can increase the
conductivity of CQDs by 100-fold [93]. Ligands derived from the MCC, such as halide
perovskite complex, are also utilized for CQDs [94], and phase-transfer ligand exchange
strategy is also developed for MCC [95]. It should be noted that these ligand exchange
methods, such as the phase-transfer method, usually happen in the colloid phase rather
than the solid phase. Thus, they are more similar to a “doping individual CQD”. However,
because their goal is still accomplishing ligand exchange to make CQD solids, we still
categorize them as methods in the ligand exchange route.

The halide ligand exchange was then developed to more advanced forms to replace
the layer-by-layer technology. Ning et al. reported a phase-transfer method to accomplish
halide ligand exchange in solutions [96]. This strategy was further developed by Liu et al.
and Lin et al., as shown in Figure 6b [13,88]. Wang et al. then reported halide ligand
exchange during the CQD synthesis [97].

Significant CQD doping results by ligand exchange are shown in Table 4.



Energies 2022, 15, 2458

10 of 29

Table 4. Significant examples of the doping effect by ligand engineering.

. Doping Free Carrier -
CQD Ligand Type Concentration Mobility Ref.
. ~0.4 cm?/Vs
PbSe Hydrazine n-type NA 095 cm?/V-s [77]
(FET)
. 2
PbSe Hydraz1'ne p-type NA 0.12 sz /V-s— [77]
+annealing 0.18 cm*/V-s (FET)
_ —4 2
PbS EDT p-type 2x101°em™ 24 %10 " em?/V's [78]
(FET) (FET)
~2x10%em™ 51 %1073 em?/V-s
PbS MPA p-type e 1016 oo FET) [80,82,98,99]
(Mott-Schottky)
PbS Br (CTAB) p-type 37x10%em™3 4 x1072cm?/V's 183]
(in air) (Mott—Schottky) (FET)
PbS 3MBA p-type 8 x 10" em™ NA [99]
(Mott-Schottky)
PbS Br (TBAB) n-type 2x10%em™> 1 %10 2em?/Vs [98]
(in air) (Mott-Schottky)
PbS 1(TBAI) n-type 2x107em™ 1 %10 2cm2/V-s [98]
(in air) (Mott-Schottky)
- -2 2
PbS I1(TBAI) n-type 3 x 106 cm—3 ~2.5 % 1072 cm?/V-s [84]
(inert) (FET) (FET)
- -3 2
PbS Br (TBAB) n-type 25x107 em=3  ~25x 1073 cm?/Vs [84]
(inert) (FET) (FET)
PbS C1(TBAC) n-type 9 x 107 cm ™3 ~2 x107* em?/V-s [84]
(inert) (FET) (FET)
PbS Cl (NH,Cl) p-type 11 x 107 em=3  1.31 x 1072 ecm?/V's [100]
(in air) (Mott-Schottky) (Photo-CELIV)
PbS Cl (NaCl) p-type 63 x 1010 cm—3  9.38 x 1073 cm?/V's [100]
(in air) (Mott-Schottky) (Photo-CELIV)
PbS CL(TBAC) n-type 13x 108 em=3  1.69 x 107° ecm?/V's [100]
(in air) (Mott-Schottky) (Photo-CELIV)
-2 2
CdSe SnyS¢~ n-type NA ~3 X 1(()FETC)m /s [87]
Cdse InySe; ™ n-type NA 10-16 cm?/ Vs [90]
(FET, cryogenic)
PbS MAI n-type ~3 x 106 cm 3 NA [96]
(solution (Mott-Schottky)
phase,ink)
- -2 2
PbS I n-type 877 x 10 cm=3 2,67 x 1072 cm?/ Vs [97]
(synthesis) (Mott-Schottky) (FET)
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4. CQD Doping Mechanisms for PVs

In this section, the mechanisms of ligand exchange and remote doping are explained.
Since the ion exchange process in perovskite CQDs is unique, the mechanism of this process
will also be described. Furthermore, oxygen-related doping will also be involved here.
Even though it is not a controllable doping process for CQDs, it is still a critical doping
mechanism that cannot be ignored, because it is highly correlated with CQDs’ electrical
and optical properties.

As stated before, the free carrier concentration of CQDs is dominated by surface
chemistry. Surface oxidation is widely believed to be a source of p-type dopants [49].
Thanks to the XPS technology, researchers can dig deep into the surface phenomena of
CQDs [78,101]. Based on the research works about oxidation of bulk PbS [102,103], early
understandings usually attributed the p-type doping behaviors to the PbO, PbSO3, and
PbSOy [78]. Zherebetskyy et al. and Cao et al. reported another oxygen-related group on the
PbS CQD surface, the Pb—OH [104,105]. Using Kelvin-probe force microscopy technology
and DFT simulation, the Alivisatos group raised the point that molecular oxygen will
induce in-gap states, as shown in Figure 7 [106-108].
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Figure 7. Oxygen-related doping mechanisms: (a) KPFM characterization of percolation pathways by
in-gap states in PbS QD solid. (b) STM characterization of in-gap states in PbS QD solid. Reprinted
with permission from [106]. Copyright 2015 American Chemical Society. (c) Illustration of in-gap
states induced by molecular oxygen. Reprinted with permission from [107]. Copyright 2015 American
Chemical Society.

Based on the results produced by the powerful tool DFT simulation, Voznyy et al. built
a charge-orbital model to investigate the CQD doping, as shown in Figure 8a,b [109]. They
raised the opinion that oxygen is the acceptor while the halide atomic ligands act as the
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donor. In 2020, Meng et al. revisited the doping phenomenon [100]. By XPS investigation,
they researched the mechanism of different p-type doping concentrations and found that
the Pb—OH will absorb the protons (HT) in the solution that contains shorter ligands.
The Pb-OH-H™ groups are the donors in PbS CQD solids, and the halide donors will
compensate the p-type dopants, as shown in Figure 8c,d.
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Figure 8. Ligand exchange doping mechanisms: (a) Illustration of doping effect caused by a potassium
ion and an iodide ion. (b) Free carrier concentrations of PbS QDs with different ligands. Reprinted
with permission from [109]. Copyright 2012 American Chemical Society. (c) Illustration of surface
conditions of PbS QD with different ligand exchange process. (d) Hypotheses of mechanism of
ligand-exchange-induced doping. Reprinted with permission from [100]. Copyright 2020 American
Chemical Society.

The earliest reports about remote doping are all from the electrochemical route. The
Guyot-Sionnest group made tremendous efforts in this route. In an electrochemical redox
reaction, if a CQD film is placed on the working electrodes, the applied voltage will control
the Fermi level of the CQD film. Thus, electrons can be injected into or taken out of the
CQPD film from electrically tuned Fermi levels [67]. The advantage of this method is that
the amount of injected charges can be accurately controlled. An example can be seen from
Figure 9a: by electrochemical reaction in the decamethylferrocene/decamethylferrocenium
redox buffer, positive charges were injected into the PbSe CQD film. Nowadays, most re-
searchers abandon the actual electrochemical reaction. For example, as shown in Figure 9b,
by placing Ag nanoparticles in PbSe CQD superlattice, electrons can be directly injected
into the CQDs because the Fermi level of Ag is above PbSe CQD [76].
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Figure 9. Remote doping mechanisms: (a) Illustration of PbSe CQD remote doping by redox buffer.
Reprinted with permission from [71]. Copyright 2012 American Chemical Society. (b) Illustration of
PbSe CQD remote doping by AuyAgj_, NPs. Reprinted with permission from [76]. Copyright 2018
American Chemical Society.

As stated previously, most of the dopants in perovskite CQDs are isovalent, which
means they are more similar to alloys. To investigate the lattice substitution, the most fun-
damental figure-of-merit is the Goldschmidt tolerance factor (GTF) [110]. In the perovskite
ABX; structure (Figure 3), the GTF can be expressed as GTF = (r4 +rx)/(vV2(rg +x)),
where r; is the effective ionic radius. With GTF between 0.9-1.0, the structure will be
ideal cubic, while GTF values of 0.8-0.9 will lead to perovskite structure with tilting of the
BXg octahedra [60,111]. Technically speaking, all site substitutions (A, B, and X) will alter
the band structure of perovskite CQDs. Nevertheless, the B- and X-site substitution will
dramatically change the bandgap [111].

According to the Goldschmidt theory, the A-site dominates the lattice distortion,
etc., based on the size of the A component. The lattice change will consequently bring
change in the band structure. Even though the tuning range might not be that large, it
is still worth investigating. The B component will form the [BX¢]*~ octahedron together
with the X component, dominating the valence and conduction bands. Other than the
electronic doping, according to the Goldschmidt theory, the B-site will also contribute to the
perovskite CQDs’ stability and toxicity (Pb is considered toxic). Thus, although the B-site is
not as easily ion-exchanged as A- and X-sites, researchers are still developing methods to
dope this site. Doping the X-site is the most widely used strategy to tune the band structure
of perovskite CQDs because it is an easier process compared to those of the other two sites,
and the tuning range can be as large as 200 nm [62].

5. Milestones for Doping in CQD PVs

The first CQD solar cell was born in 1998; an InP QD/TiO; junction was built to
achieve it [112]. InP is a III-V compound, and this class of materials is still utilized in
CQD solar cells such as binary III-V compound CQDs or even ternary ones [113-115].
McDonald et al. then developed a PbS CQD/organic semiconductor solar cell [116]. After
that, lead chalcogenide CQDs have been widely utilized as the photoactive layer in solar
cells [117-123]. However, because of insufficient CQD thin-film technologies, devices
in these early works usually possessed poor film morphology, and the band structures
were not well tuned. Consequently, the external quantum efficiency (EQE) values are not
ideal. After the CQD/TiO,(Zn0O) heterojunction was introduced, different high-efficiency
CQPD solar cells were developed [80,124-127], among which the highest PCE value has
exceeded 5%.
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In 2010, Pattantyus-Abraham et al. first reported free carrier concentration in a CQD
solar cell that utilized PbS-MPA (PbS CQD solid with MPA ligands, following a similar
expression to here) [80]. In 2011, Tang et al. reported free carrier concentration in QD
solar cells with halide ligands [83]. The details of the device and key results are shown
in Figure 10a. As can be seen from the figure, the device is based on a TiO,/PbS CQD
heterojunction. The values of free carrier concentrations are retrieved by Mott—Schottky
analysis, which is a capacitance-voltage measurement, and the PCE of the device has sur-
passed 5%. Ip et al. reported free carrier concentration in QD solar cells with hybrid ligands
using the same analytical method [128]. Devices at that time were mainly heterojunction
devices with heavily n-type-doped oxides such as TiO, and ZnO. Thus, researchers did
not have such urgent needs to precisely tune doping in CQD. As more complicated CQD
solar cells emerged, such as tandem CQD solar cells [129], doping CQD became more and
more important.

In 2014, Bawendi et al. reported a CQD solar cell of which the PCE reached 8.55%,
setting a new world record for QD solar cells by then, as shown in Figure 10b [130]. They
raised a critical strategy, band alignment. The core idea is that to accomplish better carrier
retrieval, one needs to carefully design the band structure to avoid unwanted barriers or
wells and achieve a step-like shape. In this work, by building a PbS CQD homojunction as
shown in the top and middle panels of Figure 10b, the authors obtained a more efficient
carrier retrieval structure. They utilized the PbS-EDT as the p-type semiconductor layer
and PbS-TBAI as the n-type semiconductor layer. The bottom panel of Figure 10b shows a
large performance increase in the J-V curve comparison between a homojunction device
and a heterojunction device. Ning et al. from the Sargent group even reported graded
doping devices by constructing a pt-n-n™ PbS CQD structure (Figure 10c) [131]. Many
other researchers have also played with this graded doped charge extraction structure.
For example, Bederak et al. utilized PbS—Cl as the p-type layer and boosted the device
efficiency [132]. As we know, because CQDs are extremely tiny nanocrystals, the surface
areas of CQD solids are large. The large surface areas will certainly bring advantages to
some applications of CQDs; however, for every plus, there is a minus. The large surface
area makes CQDs more reactive in the ambient environment, which means they are prone
to be oxidized in air. For n-type CQDs, because the Fermi levels are higher, they are even
more unstable in the air than p-type CQDs. Thus, making air-stable n-type CQD solids
suitable for solar cells is not that easy. In 2014, Ning et al. researched PbS CQDs with
iodide ligand brought by TBAI [98]. TBAI will provide a more thorough ligand-exchanged
CQPD surface, leading to n-type doping (less attacked by oxygen) and better air stability.
In this way, inverted structure PbS CQD solar cells were developed. Different types of
halide ligands have been applied to lead sulfide CQDs in the following years. Lan et al.
utilized methylammonium iodide (MAI) as the ligands and reached a world-record-high
PCE of 10.6% by then [133]. The PbS CQD ink’s (phase-transfer ligand exchange) doping
concentration has also been tuned by adding fluorides to the matrix to obtain a better band
alignment with the ZnO [134].

Another motivation to tune the doping is to obtain more lightly doped CQDs. Lighter
doping will extend the depletion region. Due to the built-in potential, the bands in the
depletion region will be bent. Bent bands will help in the charge separation process. Thus,
a wider depletion region means we can have more band-bent width to separate charges
more effectively. Consequently, we would like the photoactive CQD layers to be lightly
doped. Yuan et al. reported that by tuning the molecular ligands to 3MBA (10'°> cm~3),
they can obtain a lightly p-type-doped CQD solid (Figure 10d) [99]. By utilizing a graded
structure, a 7.2% device was reached, which is considerably higher than highly doped MPA
devices, as shown in the J-V curve in the bottom panel of Figure 10d.
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Figure 10. Key graphs of iconic lead sulfide CQD solar cells. Every panel shows the device structure,
band structure, and I-V (J-V) curve of the device: (a) Heterojunction PbS CQD solar cell. Reprinted
with permission from [83]. Copyright 2011 Nature Publishing Group. (b) Homojunction PbS CQD
solar cell by adding PbS-EDT for band alignment. Reprinted with permission from [130]. Copyright
2014 Nature Publishing Group. (¢) Homojunction PbS CQD solar cell by graded structure (n™-n-p™)
for band alignment. Reprinted with permission from [131]. Copyright 2013 John Wiley & Sons, Inc.
(d) PbS CQD solar cell with lightly doped photoactive layer to extend the depletion region. Reprinted
with permission from [99]. Copyright 2013 John Wiley & Sons, Inc.
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Besides ligand-exchange engineering, progress has also been made in lead chalco-
genide CQD solar cells doped by other methods. Stavrinadis et al., at the Konstantatos
group, developed a synthetic approach to dope PbS CQDs by Bi and achieved n-type CQDs.
Using this CQD, they successfully built a PbS CQD homojunction solar cell and reached a
PCE of 2.7%. As shown in Figure 4, PbSe CQD solar cells doped by stoichiometry tuning
have also been made, and the PCE is 3.85% [54]. Post-treatment ion exchange has been
chiefly applied to suppress trap states to make high-efficiency PbS CQD solar cells [58,59].
Moreover, remote doping has also been used to develop PbS CQD solar cells, and the PCE
reached 7.8% [68].

The iconic works of lead chalcogenide CQD solar cells accomplished by doping
engineering are listed in the Table 5 below.

Table 5. Summary of high-efficiency lead chalcogenide CQD solar cells by doping engineering.

Photoactive ) Aim for Doping

Layer Doping Strategy Engineering PCE Ref.

PbS MPA doping build heterojunction 5.1% [80]

PbS Br (CTAB) p-type doping build heterojunction 5.1% [83]

PbS [(TBAI) n-type doping+ band alignment 8.55% [130]
EDT p-type doping

PbS Br (TBAB) n-type doping+ band alignment+ 8.0% [131]

MPA p-type doping+ extend depletion region

TMAH p++ doping

PbS MPA p-type doping+ extend d.eplehon 799, [99]

3MBA p-type doping region
PbS F (PbF,) to reduce free band alignment 12.7% [134]
electrons (solution phase, ink)
PbS Bi substitution build homojunction 2.7% [33]
in synthesis

PbSe Stoichiometry tuning build homojunction 3.85% [54]
excess Se for p-type

PbS Iodine substitution by EMII suppression of trap 10.5% [59]

in post-treatment states
PbS Remote p-type doping build heterojunction 7.8% [68]

by Mo(tfd-COCFs)3

Perovskite has been a star solar material since its first application in solar cells in
2009 [135]. The world has seen that the PCE of singlejunction perovskite solar cells
increases from the earliest 3.8% to 25.5% in 2021 [136] and the stability is also enhanced
dramatically [137,138]. Consequently, the perovskite CQDs have also been considered
candidates for quantum dot solar cells. As has been stated, QDs will lead to MEG (multiple
excitons generated by one photon) because of the Auger recombination process. Scientists
have been hoping to surpass the perovskite solar cell record, or even the Shockley—Queisser
limit, with perovskite CQDs, and the perovskite CQDs also bring opportunities for flexible
solar cells [139]. The perovskite CQDs were synthesized back in 2014 [140]. In the following
two years, their applications are primarily in light-emitting technologies [141-144]. In 2016,
Swarnkar et al. from NREL first reported a perovskite CQD solar cell with the motivation
of using nanocrystal surfaces to stabilize a-CsPblz at room temperature [17]. Since then,
researchers from this community have been making tremendous efforts to tune the doping
of perovskite CQDs for seeking high-efficiency solar cells.

As there are two types of ligands on the as-synthesized perovskite CQDs [145], the
ligand exchange process is not as easy as that of lead chalcogenide CQDs. However, it is
still a powerful tool to enhance the performance of perovskite CQD solar cells. Various
two-step and one-step methods have been developed [17,146-150]. Most of these works
focused on surface passivation to enhance carrier transport and stability. Recently, there
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have been reports about tuning the band structure of the perovskite CQDs by ligand
exchange. For example, Wang et al. reported adjusting the band structure of CsPbBrl, by
ligand amounts [151].

Figure 11a shows a typical perovskite CQD solar cell picture and SEM cross-sectional
image. The devices are usually based on a heterojunction structure with a perovskite
photoactive layer, an electron transporting layer (usually TiO;), and a hole transporting
layer (usually spiro-OMeTAD). As has been stated before, all A-, B-, and X-sites can be
doped. In 2018, Hazarika et al. reported using A-site-doped perovskite CQDs with spiro-
OMeTAD and TiO; to construct perovskite CQD solar cells, and the highest-PCE solar
cell among these devices reached 11.14%, as shown in Figure 11b [60]. In this work, FA
was employed as the dopant on the A-site. The process is illustrated in Figure 11b, and
it can also be noticed from this figure that the A-site doping will lead to change in PL
first excitonic peak as large as 180 nm, which proves a successful doping effect, band
structure modification. What can also be concluded from the Goldschmidt theory is that by
altering the size of the X component, the halide atoms, one can compensate for the lattice
distortion brought about by the A-site. Thus, Suri et al. demonstrated that by simultaneous
doping of both A- and X-sites, the bandgap of perovskite CQD could be fine-tuned. In this
way, the device showed compromised PCE (~6%) [40], but exhibited a longer PL lifetime
and increased open-circuit voltage (V,.) compared to mono-site doped devices, making it
promising for future multi-junction solar cells. Moreover, it should be noted that the world
record of CQD solar cells (published results) was made on Csg 5FA( 5Pblz [18]. The research
community has also seen B-site doped perovskite CQD solar cells. Since the B-site is highly
correlated with the stability of perovskite CQDs, researchers are pretty cautious in doping
this site. For example, Sn?" is a B-site dopant, but, typically speaking, Sn-doped CQDs
are not that stable. Thus, the doping volume should be well controlled. In 2017, Liu et al.
reported CsSng ¢Pbg 413 CQD with good air stability. Even though the resulting solar cell’s
PCE is just ~2.9%, it opened the door for air-stable B-site doping [152]. In 2020, Bi et al.
exhibited doping the B-site with 7% (molar ratio) of 7Zn?t, and the PCE reached 14.8%, as
shown in the bottom left panel of Figure 11c [47]. Figure 11c also shows that by adding
11% of Zn, the PL first excitonic peak will move roughly 10 nm. More information about
doping can be read from the band structure measured by XPS, as shown in the middle
left panel of Figure 11c. We can see that with 7% of Zn doping, the Fermi level of the
perovskite CQD moves downwards (E.—E, decreasing), which is a direct proof of p-type
doping. Doping the X-site is a widely used strategy to tune the band structure of perovskite
CQDs because it is a more straightforward process compared to those of the other two
sites. Moreover, the tuning range can be as large as 200 nm [62]. By using this method,
CsPbBr; CQD solar cells have been developed, and the V,. can be as large as 1.5 V [153].
Christodoulou et al. applied CsPbBr,I CQDs to solar cells and also reached a large V., as
shown in Figure 11d [154]. SCN ™ is another ion that has been used to achieve X-site doping.
Most researchers have used it to passivate the trap sites caused by halide vacancies [155].
Solar cells have also been made by using SCN™ doping [48].

Heterovalent doping, which is quite similar to doping of traditional bulk semicon-
ductors, is also essential in doping perovskite CQDs. Lanthanides popped up in the first
place as it has been proven that lanthanide-doped crystals can be helpful to the light
“downconversion” process because of the “quantum-cutting effect” [156]. Using this effect,
researchers have reached PLQY over 100% (as high as 146%) perovskite CQD solids by
doping Yb3*, Ce®*, etc. [157,158]. Applications such as downconverters [157] and solar
concentrations [159] have been developed by using this strategy. In recent years, the effects
of heterovalent dopants on the band structures are also widely researched. Begum et al.
reported that the Bi** dopants would change the positions of both conduction band and
valence band, and bring trap states [160]. In 2019, the Sb®>*-doped perovskite CQD solar
cell was reported by Bera et al., as shown in Figure 12a [161]. They demonstrated improved
PCE (9.4%) and stablized crystal phase by introducing Sb>*.
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Figure 11. Key graphs of iconic perovskite CQD solar cells accomplished by A-, B-, and X-site
doping. Explanation of each sub-figure is shown beside it. (a) Typical device picture and SEM
cross-sectional structure. (b) FA-doped (A-site) perovskite solar cell. Reprinted with permission
from [60]. Copyright 2018 American Chemical Society. (¢) Zn-doped (B-site) perovskite solar cell.
Reprinted with permission from [47]. Copyright 2020 American Chemical Society. (d) Br-doped
(X-site) perovskite solar cell. Reprinted with permission from [154]. Copyright 2018 American
Chemical Society.
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Figure 12. Key graphs of iconic perovskite CQD solar cells accomplished by heterovalent dop-
ing, bilayer structure, and homojunction structure. Explanation of each sub-figure is shown be-

side it. (a) Perovskite CQD solar cell with heterovalent doping. Reprinted with permission
from [161]. Copyright 2019 American Chemical Society. (b) Bilayer-structured perovskite CQD
solar cell. Reprinted from [162] with permission from Creative Commons CC BY 4.0 license
http:/ /creativecommons.org/licenses /by /4.0/ accessed on 5 February 2022. (c) Perovskite CQD
homojunction solar cell. Reprinted with permission from [73]. Copyright 2022 John Wiley & Sons, Inc.
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As the doping of perovskite CQDs is quite deeply investigated, bilayer structured
solar cells with differently doped CQD solids have been developed. By two differently
doped CQD layers, one can achieve a favorable energy landscape to better extract charge
carriers. In 2018, Bian et al. demonstrated a bilayer perovskite CQD solar cell with CsPblz
QD and CsPbl,Br crystalline layers with SCN™ modification, and the PCE reached over
14% [48]. Zhao et al. then developed bilayer solar cells with A-site-doped perovskite CQD,
Csga5FA( 75Pblz, and CsPbl; CQD. The device achieved a PCE of 15.52%, as shown in the
top left panel of Figure 12b [162]. In this work, the authors designed this structure from a
comprehensive investigation into the FA A-site doping by band structure measurement,
as shown in the top right panel of Figure 12b, and the resulted bilayer band structure
is also shown in Figure 12b. Besides the aforementioned works, Li et al. from the Ma
group fabricated a CsPbl3:FAPbI; (CsFA;_,Pbl; will be formed at the interface) structured
device and reached a PCE of 15.6% [163].

Recently, the CQD homojunction structure was also introduced to the perovskite CQD
solar cell by Zhang et al. (Figure 12¢) [73]. By remote doping by 2,2'-(perfluoronaphthalene-
2,6-diylidene) dimalononitrile (FETCNNQ), as shown in the top left panel of Figure 12c,
they achieved a p-type CsPbl; CQD solid. By tuning the concentration of FeTCNNQ, the
Fermi level can be largely lowered without changing the CBM and VBM on a large scale.
By combining this p-type layer with the normal n-type CsPblj layer, they successfully built
a CsPbl; homojunction and enabled an over 1 pm thick photoactive layer. The PCE reached
15.29%, as shown in the bottom right panel of Figure 12c.

The iconic works of perovskite CQD solar cells accomplished by doping engineering
are listed as in Table 6 below.

Table 6. Summary of high-efficiency perovskite CQD solar cells by doping engineering.

Ph(itoactlve Doping Strategy Device Structure PCE  Ref.
ayer
Cso.75FAg25Pbl; A-site Sol-gel TIO>+PQD+ 14 140, [40]

Spiro-OMeTAD
Sol-gel TiO+PQD+
Spiro-OMeTAD
SnO,+PQD+

FA( 55Csg 45Pb(I55Brg 45)3 A- and X-sites ~6% [40]

Cso.5FAo 5P A-site SproOMeTAD  166% (18]
CsPbo o3 ZnoorTs B-site Sosl'ijgiig(ﬁggg To148%  [47]
CsSngPbols B-site Pgﬁgﬁg”&ﬁ% s 29%  [152]
CsPbBr3 X-site Soé;)gii _T(i)%ggg T 54% [153]
CsPbBr,] X-site SO;;%_%%:;ES T 53%  [154]
CsPbg ¢Sbg 113 Heterovalent Sosli)%ig%;{gg * 94%  [161]
CsPbI,Br+CsPbl; X-site, bilayer Sol-gel TiO, 14.45%  [48]

+PQD+PTAA
Sol-gel TiO,+PQD+
Spiro-OMeTAD

Sol-gel TiO,
+PQD+PTAA

Csg.25FA( 75Pbl3+CsPbl; A-site, bilayer

FAPbI;+CsPbls
(FA1_,Cs,Pbl; A-site, bilayer
at the interface)

15.52% [162]

15.6%  [163]

Sol-gel TiOp+n-type
PQD+p-type POD  15.29%  [73]
+PTAA

Remote doping

CsPbls with FeTCNNQ
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6. Summary and Future Perspectives

The CQDs have their unique advantages in semiconductor academia and industry. The
nm size brings them sharp absorption/emission peaks and MEG effect, which are desirable
properties for displays and solar cells. The QD displays have been commercialized by now.
Furthermore, CQDs can be deposited by various printing technologies, which will bring
up opportunities in cost-effective mass production [6]. Their polycrystalline nature makes
them possible for future flexible devices; however, there are also disadvantages lying in
CQDs. The large surface areas will lead to severe stability issues. Moreover, since, currently,
the manufacturing technologies in creating CQD devices are limited, device reproducibility
is also not ideal.

In this article, we comprehensively reviewed the doping of colloidal quantum dots and
their application in quantum dot photovoltaics from the perspectives of doping strategies,
mechanisms, and milestone works in CQD solar cells. The lead chalcogenide CQD solar
cells and the perovskite CQD solar cells are taken as examples. The record PCE has
increased to 18.1% from less than 4%. Doping engineering plays an essential role in
this soaring efficiency increase. The strategies are categorized into five types (synthesis,
stoichiometry tuning, post-treatment ion exchange, remote doping, and ligand exchange)
for discussion. The mechanism part focuses on the more unique doping mechanisms
in CQDs. Milestone works utilizing doping engineering to increase CQDs solar cells’
performance are also discussed.

Even though tremendous progress has been made in this research community, there
are still challenges to be completed and future trends to be caught up with. Here, we list
them below:

(1) Doping engineering in CQD ink: Spray printing is the most widely utilized method
in printing CQDs because of its ease to be automated and assembled in a “junkyard war
fashion”. There have been quite a few reports on this technology [164,165], and it can be
integrated into an R2R process [166]. Other processes, such as blade coating and inkjet
printing, were also investigated [167-169]. The PCE of devices made by these printing
technologies have surpassed 8%. However, the lack of doping tuning strategies for CQD
inks limits the choices of materials towards higher-efficiency devices. Thus, tuning CQD
inks” doping still needs to be further investigated.

(2) Doping tuning to integration with silicon: One of the future opportunities of CQD
photovoltaic devices comes from their integration with conventional silicon devices. The
spray printing, blade coating, and inkjet printing are all compatible with Si surfaces and the
CMOS process. Recently, many researchers have touched on this area to exploit the potential
of integration of CQDs with Si [170-174]. This technology has been commercialized by
now [175]. Because the bandgap of lead chalcogenide CQD can be tuned to the infrared
absorption range, it can be a candidate to extend the absorption bandwidth of current Si
solar cells to further increase PCE. The Sargent group has carried out extensive preliminary
works on this topic [176-180]. However, to reach such a complex Si:CQD structure, the
doping of the CQDs should be well adjusted to fit the band structure of the whole cell.
Besides Si solar cells, this heterostructure will also benefit the perovskite solar cell [181]
and photodetector research [182,183]. Of course, other issues, such as interface [172,184],
are also crucial, but they will not be discussed here.

(3) Comprehensive investigation in doping of perovskite quantum dots: Perovskite
CQD:s are initially developed for light-emitting applications. Thus, the investigation regard-
ing electronic properties (mobility, etc.) is lagging behind light-emitting related properties.
However, electronic properties are important figure-of-merits in photovoltaic research.
Thus, the challenging problems still stand: How can we tune the doping concentration
freely without (much) sacrifice of mobility? How can we increase the dopant concentration
without bringing up too many trap states?

(4) Novel materials and structures for perovskite CQD solar cells: As we can see from
previous reports, the structures of all perovskite CQD solar cells are similar. By further
optimizing the structure and importing new materials suitable for the structure, higher



Energies 2022, 15, 2458

22 of 29

PCE, or even PCE over the Shockley—Queisser limit, can be expected. Recently, the Ma
group first reported the perovskite QD homojunction in solar cells [73]. In the future, the
homojunction structure can be further optimized by importing more suitable materials and
switching to other doping methods, and even graded-doped devices, such as those of lead
chalcogenide CQDs [131], can be developed to reach the holy grail.
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Nomenclature

The following abbreviations are used in this manuscript:

CIGS Copper indium gallium selenide

FA, HC(NHZ);r Formamidinium

MA, CH3NH§r Methylammonium

EDT ethanedithiol

MPA 3-mercaptopropionic acid

Tsc Short-circuit current

TBAI Tetrabutylammonium iodide

CTAB Cetyltrimethylammonium bromide

i Effective ionic radius of ions in ABX3-structured perovskite
Voc Open-circuit voltage

MAI Methylammonium iodide

3MBA 3-Methoxybenzamide
TBAB Tetrabutylammonium bromide
TMAH Tetramethylammonium hydroxide

EMII 1-ethyl-3-methylimidazolium iodide

SCN™ Thiocyanate ion

F6TCNNQ 2,2-(perfluoronaphthalene-2,6-diylidene) dimalononitrile

Spiro-OMeTAD  2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene

PTAA Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine

Evac Vacuum level, the energy of a free stationary electron that is outside of any material
E¢ Fermi level

CBM, E, Conduction band minimum, the lowest edge of the conduction band of a semiconductor
VBM, E, Valence band maximum, the highest edge of the valence band of a semiconductor
Wy Width of the depletion region

ITO Indium doped tin oxide

FTO Fluorine doped tin oxide
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