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Featured Application: Solution-processed optoelectronic nanomaterials for use in lighting,
energy-harvesting, and sensing.

Abstract: From a niche field over 30 years ago, quantum dots (QDs) have developed into viable
materials for many commercial optoelectronic devices. We discuss the advancements in Pb-based
QD solar cells (QDSCs) from a viewpoint of the pathways an excited state can take when relaxing
back to the ground state. Systematically understanding the fundamental processes occurring in QDs
has led to improvements in solar cell efficiency from ~3% to over 13% in 8 years. We compile data
from ~200 articles reporting functioning QDSCs to give an overview of the current limitations in
the technology. We find that the open circuit voltage limits the device efficiency and propose some
strategies for overcoming this limitation.

Keywords: quantum dots; lead sulfide; solar cells; photovoltaics; IV-VI semiconductors; nanocrystals;
solution-processed; ligand-exchange

1. Introduction

Colloidal semiconductor quantum dots (QDs) are nanometer-sized crystals made and suspended
in solution. Because they can be processed in solution, have facilely tunable properties, and demonstrate
unique photophysics, they are intriguing for optoelectronic devices, imaging, and fundamental science.
The size and size distribution of the QD ensemble matter because they directly control the energy
levels of the material (i.e., the highest occupied molecular orbital to the lowest unoccupied molecular
orbital (HOMO-LUMO) gap or band gap). This observation can be explained from two points of
view. The first viewpoint is a bottom-up description where the combination of molecular orbitals
(energy states) with each additional atom bonded to the QD narrow the HOMO-LUMO gap until there
is a negligible change, resulting in the “bulk” material. In the second top-down viewpoint, spatially
confining the exciton (a bound electron-hole pair) wavefunction by making a crystal smaller thereby
increases the energy required to excite the QD (e.g., the bandgap), analogous to the particle-in-a-box
description [1,2].

There are several ways to synthesize colloidal QDs, which are reviewed elsewhere [3-9]. The main
method, hot injection, follows a reaction pathway as described by La Mer’s model of nucleation
and growth [10]. After injection, the precursor concentration in solution increases and exceeds the
nucleation threshold (i.e., the solution is supersaturated); at this point, a burst of nucleation occurs
and continues along with QD growth until the precursor concentration drops below the nucleation
threshold and enters the growth regime. During growth, size focusing can occur if the QD growth
rate is size-dependent, i.e., if smaller QDs grow faster than larger ones then the size distribution will
narrow. During this time however, the high surface energy of small QDs drives their dissolution
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and precipitation onto larger QDs leading to an increase in the size distribution—A process called
Ostwald’s ripening [5,11]. Influencing these processes by reaction temperature, precursor reactivity,
and/or reaction kinetics allows for control over the size and size-distribution [12-23]. Once all the
reactants are used and the concentration approaches zero, the growth regime ends. Typically, around
half of the QD’s atoms reside at the surface [24,25]. With such a high ratio of atoms exposed at the
surface versus in the core, it is not surprising that surface chemistry and surface environment dominate
many properties of QDs—not just by size alone [26].

With these two factors in mind (the size and the surface), this Review sheds light upon
photoexcitations in colloidal semiconductor QD films and devices, from absorption to extraction
(and the time between). We start with a brief overview of the processes that occur at each time scale
ranging from a few femtoseconds to microseconds before giving an in-depth discussion of the progress
of Pb-based QD solar cells (QDSCs). For in-depth discussions on each subtopic, we refer the interested
readers to more specific reviews [27-41].

2. Timescales of Excited State Processes

In the sections below, we discuss the possible processes that occur when a QD absorbs a photon.
A detailed understanding of each of these processes and their relevant timescales, shown in Figure 1,
enables rational design of optoelectronic devices. We highlight various device studies that apply
the lessons learned in each process to give an overall view of the history and state-of-the-art of
Pb-based QDSCs.
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Figure 1. Schematic outline showing the different timescales of the processes in the lifetime of
a photoexcitation.

2.1. Absorption and Multiple Exciton Generation

Propagation and absorption of light in QD materials is the critical first step in using QDs in
optoelectronics. As discussed by Leatherdale et al. [42] and Ricard et al. [43], the absorption cross
section can be written as:

o= n%c|f(w)|22n1k1 (gnag’) (1)

where w is the angular frequency of light, c is the speed of light, n} is the complex refractive index
(nl, = ns — ik;) of the solvent or surrounding medium (s subscript), 2n1k; = a is the absorption
coefficient of the bulk material (1 subscript), a is the radius of the particles, k is the extinction coefficient,
and the local field factor f(w) is given by:

/2
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The overall absorption in a film of QDs can be increased by changing these properties. Increased
light absorption in a solar cell typically increases the total electrical current and thus power produced.
However, as we will discuss in the section on charge transport, the total film thickness for the highest
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efficiency devices does not fully absorb the incident light. Therefore strategies to improve this without
increasing the film thickness were developed. Research groups have shown evidence of the positive
impact of using plasmonic materials incorporated in QDSCs. By placing materials with a localized
surface plasmon resonance (LSPR) [44] in the QDSC, the absorption, due to the higher local field factor,
increased. Gold (Au) nano-shells [45], silver (Ag) nano-cubes [46], Au/Ag core/shell nano-cubes [47],
and also a combination of Au bipyramids and nano-spheres [48] have been tested in QDSCs. Figure 2a
shows the effect of incorporating Au nanoshells into PbS QD films. In each case, it was observed
that there was an enhancement in the photocurrent due to an increase in light absorption in the near
infra-red (IR) region of the solar spectrum close to the first exciton peak and also in different parts of the
spectrum based on the position of the plasmonic nanocrystals (NCs). Alternatively to the PbS and PbSe
QDs limited to the IR spectral region, Hg-chalcogenide QDs have spectral features and optoelectronic
properties that extend into the far-IR and THz regions [49,50]. Using plasmonic gold nanorods
with HgTe QDs [51], gold nanodisk arrays with HgSe QDs [52] and HgTe QDs [53] improved the
photocurrent extraction demonstrating the broad applicability of this absorption enhancement strategy.

Another technique used to increase light absorption is the use of nanostructured electrodes or
engineer the device layers to have constructive interference of the incident light [54-57]. These electrodes
reflect the incident light back into the absorber layer such that the effective path length of the light wave
inside the absorber layer increases as depicted in Figure 2b. In solar cells with thin absorber layers
arising from small minority carrier diffusion lengths, increasing the path length of the incident light
wave through the absorber material by promoting multiple passes increases the probability of light
absorption in the thin film thereby improving device performance. While this technique is difficult
to implement in QDSCs due to the uneven accumulation of QD solution in the textured metal oxide
electrodes during spin-coating/dip-coating [58,59], Sargent’s group has optimized the steps involved
in texturing to help overcome this limitation giving rise to high-performance devices [60-62].

Reflector
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Figure 2. (a) A plot between the electric field intensity (E?) and distance x from the center of the
nano-shell (x-axis) shows an increase in the intensity of the electric field only near the nano-shell surface.

Inset: a cross-sectional transmission electron microscopic snapshot (TEM—FEI Titan 80-300, Hillsboro,
OR, USA) of the incorporation of the nano-shell inside the PbS layer. Adapted with permission from
reference [45], copyright 2013 American Chemical Society. (b) A schematic (top) and a scanning electron
microscope (SEM—FEI, Hillsboro, Oregon, USA) image (bottom) showing the nanostructured QDSCs
with several internal reflections of the incident light. Adapted with permission from reference [62],
copyright 2015 American Chemical Society.

Hens and Moreels [63] rewrite (1) and (2) as the absorption coefficient y for a dispersion of QDs
with volume fraction f as:

b= f (@) fa )
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This clearly shows the high sensitivity of the absorption coefficient to the surrounding environment
(n11/ns), which includes the surface ligation of the QDs. For instance, titrating p-methylbenzenethiolate
into a solution of PbS QDs leads to a broadband increase in absorption and a bathochromic shift of the
first exciton transition peak [64]. This result is surprising given the fact that p-methylbenzenethiolate
shows negligible absorption in the spectral region of interest and, more interestingly, calculating
the change in f(w) defined by the Maxwell-Garnet effective medium theory does not predict the
~340% increase in the molar absorption coefficient at 400 nm indicating that the synergistic effect of
ligand/QD system is greater than the simple sum of the two. Mixing of the molecular orbitals of the
ligand/QD system, calculated using density functional theory, shows an increase in the density of
states near the band edge, increasing the number of allowed transitions, thus enhancing the absorption
of light. Ligands, such as these, affecting the QD electronic structure have been termed ‘non-innocent
ligands and provide a tool for microscopic control of macroscopic properties [65-67]. While these
specific ligand complexes have not yet been applied to devices, they could hold promise for increasing
the overall absorption of QDSCs. Further ordering of the QDs into a superlattice has also shown
up to 5 fold enhancement of the absorption and represents a potential method to improving device
properties as we discuss in the final section [68,69]. Other strategies include hybrid structures between

7

organic conductors and QDs, as discussed elsewhere [70-73].

In addition to how strongly a QD absorbs light, the size of the QD determines the photon energy
that can be absorbed to create an exciton. If the absorbed photon has energy greater than twice the
bandgap (i.e., icw > 2E,), then the excitons have multiple paths to decay to their ground state energy
levels, each of which occurs over a characteristic timescale. The possibility of an Auger pathway
(green arrows, pathway 2a in Figure 3) in QD semiconductors also opens doors to the possibility of
an inverse Auger pathway as shown in pathway 1a of Figure 3. Auger processes are three-body events
where one carrier interacts with another carrier of opposite charge and transfers energy to a third
carrier. The photoexcitation by a high energy photon (7iv at least > 2E,) can cause the high energy
electron-hole pair to split into two or more electron-hole pairs of lesser energy. The first pathway
we will discuss is multiple exciton generation (MEG) also referred to as carrier multiplication (CM)
in cases where the excitations yield free charges. This phenomenon was observed in QDs at much
lower bandgap multiples as compared to bulk semiconductors [74-78]. Known as impact ionization
(II) in bulk semiconductors, CM was observed to be of significance only at photon energies far into the
UV range (>3 eV) which contributes to less than 1% of the solar spectrum. This is because the strong
coupling of electron and phonon states in bulk semiconductors provides a quicker cooling pathway
for hot carriers through phonon emission (schematically represented by the red wavy lines in pathway
1b of Figure 3) and the need for the crystal lattice momentum conservation raises the threshold energy
required for CM. The quantum confinement of charge carriers in QDs however has been expected to
help overcome these limitations. Due to the small crystal size and quantum confinement along all three
dimensions in QDs, the need for crystal momentum conservation is minimized while these discrete
energy levels separated by multiple optical phonon energies makes the relaxation of hot carriers via
phonon emission a rather slow process.

Furthermore, MEG is a carrier scattering process mediated via the carriers” Coulomb interaction.
As this Coulomb interaction is enhanced due to confinement of the electron and hole wavefunctions in
QDs, the rate of CM is also increased [77]. The possibility of using the multiple excitons to produce
higher photocurrents has motivated researchers to use such QD semiconductors in solar cells [79-81].
However, in addition to the generation of multiple excitons, the effective separation of the exciton into
charge carriers and their extraction into electron- and hole-accepting contacts are equally important in
realizing the true potential of MEG-based solar cells [82]. Using time-resolved microwave conductivity
(TRMC) measurements, Aerts et al. [83] showed that varying the excitation energy and measuring
the photoconductance leads to a signal that correlates directly to the fraction of absorbed photons
(i.e., the mobility was constant as a function of excitation energy but the number of free carriers
depends on the fraction of photons absorbed). At excitation energies above 2E,, the yield of carriers
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exceeded 100% indicating that free charges were produced through CM (pathway 2b of Figure 3).
These excess charges can also be used to drive chemical reactions (not just solar cells) with yields
greater than 100% [84].

One concept to increase the efficiency of CM is through band alignment engineering [85].
By combining different materials in a quasi-type II heterojunction (e.g., PbSe/CdSe core/shell QDs),
the carrier cooling rate can be reduced so the MEG rate becomes proportionally more dominant
and the MEG yield thus increases [86]. However, one drawback of this approach is that the hole is
effectively stuck in the core of the QD and not free to move to contacts precluding applications
requiring long-range carrier transport. Alternatively to core/shell nanocrystals, Janus particles
(anisotropic particles where each side of the particle is a different material) could retain the same
benefits while allowing access to each carrier. Nanayakkara et al. have shown a built-in potential
difference in these heterostructured nanocrystals with scanning Kelvin probe measurements that can be
explained by having a space-charge region where 10-15 charges have transferred across the nanoscale
junction [87,88]. Furthermore, Zhang et al. [89] report a controllable cation exchange synthesis to
produce Janus particles of various PbE and CdE (E =S, Se, Te) compositions that have been applied to
this type of study [90]. More simplistically, Grimaldi et al. [91] fabricated films of mixed CdSe/PbSe
QDs and observed hot-electron transfer between the QDs indicating the energy states of neighboring
QDs are coupled.

(multijexciton
Dissogiation

Non-

mediafed gemin Mediated Auger
trapping P recombination

Figure 3. Schematic representations of the different steps in creating free charges in QD films.
Green arrows are the different pathways the excitation can take, red arrows represent energy changes
either phonon emission, photoluminescence, or Auger/inverse Auger energy transfer, blue lines
represent the quantized states in the potential well (black lines) of the QDs (brown spheres), yellow dots
are electrons and yellow circles with red dots are holes.

Further understanding and control via wavefunction engineering, opens up many new possibilities
to employ advanced photophysics to applied optoelectronic devices. For instance, the exciton can
spatially delocalize over the surrounding QDs if the energy landscape is favorable. Metal chalcogenide
complexes, namely In, Tez and [In,Ses]>~, as QD ligands lead to excitons delocalized over six nearest
neighbor QDs measured using a cross-polarized transient grating spectroscopy, which is a four-wave
mixing experiment that diffracts the probe signal off a grating of excitons that decays through fine
structure relaxation, influenced by the spin-flip rate [92]. The longer-lived signal directly correlates to
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a larger exciton size [93]. Using organic ligands that reduce the QD-QD spacing does not lead to the
exciton delocalization; on this time scale, the QDs are effectively isolated. Only if the QDs are necked
or fused by thermal annealing do the authors report similar delocalization for organically ligated
QDs. This clearly leads to a situation where the QDs are “confined-but-connected” [94] and has large
impacts on charge carrier dynamics as discussed in the next sections.

2.2. Cooling

One pathway the electron and/or hole can take to decay to their ground state energy first involves
thermalizing or “cooling” to the band edges emitting excess energy as phonons. Energy lost through
cooling is the largest loss-mechanism for lower-bandgap solar cells with unabsorbed photons being
the largest loss for higher-bandgap materials. There are several strategies to overcome this limitation
including MEG (discussed above), tandem solar cells [95-98], and hot-carrier extraction [41,91,99].
Due to quantum confinement, the available energy states of electrons and holes are discrete
and energetically separated by an amount of energy larger than the energy of a single optical
phonon. Simultaneously emitting multiple phonons is an unfavorable process; therefore, carrier
cooling should be considerably slowed leading to what is known as a phonon bottleneck [100,101].
However, experiments show far less than the predicted slow carrier cooling time, indicating other
energy-loss processes are occurring, possibly through coupling to the vibrational modes of the surface
ligands [102,103]. C-O, C-H, and O-H vibrations are at energies comparable to the energy level spacing
in QDs (e.g., 10 s to 100 s of meV). A systematic exploration of the carrier cooling rates as a function
of ligand moieties with different vibrational spectra has not been done but would shed light on the
absence of this interesting phenomenon.

While the quantization of energy levels in QDs is expected to reduce the electron-phonon coupling
due to significant differences in electron and phonon energies, recent studies have shown otherwise.
Bozyigit et al. [104] quantitatively show the existence of higher energy phonon states that arise due
to the mechanical softness of the QD surface where atoms vibrate with higher amplitudes than the
core atoms. These results show the existence of a higher electron-phonon coupling that provides
a quick path for hot electron cooling as opposed to the initial hypothesis of the existence of a phonon
bottleneck. Recently the same group showed theoretically that such soft surface phonon modes indeed
enhance electron and hole cooling in PbS QDs [105].

Another process known as Auger cooling allows for the transfer of energy between the excited
electron and hole which can cool more efficiently due to the closer energy spacing of the valence band
states in many QD materials [106-108]. Now that these processes are better understood, work can be
done in designing ways to overcome the challenges. Perhaps incasing the QDs in a solid matrix to
minimize the QD surface vibration and, if the matrix is conductive, transport the charge carriers away
from each other before multi-exciton processes can occur—as discussed next.

2.3. Charge Carrier Transport

There are several proposed mechanisms for how charges can be transported in nanocrystalline
systems; these include: nearest neighbor hopping, variable range hopping (VRH), Efros-Shklovskii
VRH (ES-VRH), co-tunneling, and Bloch transport (band-like transport), which are discussed extensively
in the literature and reviewed by Talapin et al. [30], Guyot-Sionnest [33], and Kagan et al. [27]. Here we
will focus on the nearest neighbor hopping of charge carriers between QDs. We chose to focus on this
particular mechanism because it is the dominate transport mechanism for many of the QD solids used
in solar cells. Given all the sources of disorder in a film of QDs (energy disorder caused by different
sizes of QDs, different spacing and crystal orientation between QDs, variation in impurities in each
QD, variation in ligand coverage, etc.) it is unlikely band-like transport or other long-range transport
are the dominant energy transfer mechanisms, unless the QDs are extremely strongly coupled by
significant necking or, potentially, by semiconducting inorganic ligands [33,109]. For QD films used
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in solar cells this strong coupling is usually not the case. Using the Einstein-Smoluchowski relation,
we can derive the hopping rate (I'yope+n = 1/ Top) [110]:

kgT-Su-NN

A2 (4)

rhop,eJrh =
where kg is the Boltzmann constant, T the temperature, Xy is the sum of the electron and hole mobility,
NN is the number of nearest neighbors (12 in a hexagonal close-packed structure), e the elementary
charge, and A is the hopping distance. Because the ligands used to grow and disperse the QDs are
long, they are exchanged with shorter ligands to improve carrier transport by lowering A [111]. Using
transient absorption techniques, Gao et al. [110] observed fast spectral diffusion of photoexcited carriers
as carriers hopped to the largest QDs (i.e., those with the lowest bandgap) that is complete in ~2 ps.
One design of a QDSC uses this concept as a “quantum funnel” where the authors layered different
sizes of QDs to tune the energy landscape and drive charges to the contacts [112,113]. One downside to
this is that Gao et al. [114] observed that due to this fast hopping to larger QDs, Auger recombination
can be efficient even at low excitation fluence. This is due to multiple carriers congregating in the
largest QDs and implies that because energy disorder in QD solids leads to enhanced recombination
it can be used for optical gain or fast optical switching [114]. Other groups have since improved the
Monte Carlo approach used in these initial studies to analyze the nature of charge transport in QD
films [115-117]. Surface ligands play a strong role as they induce both positional and energetic disorder
that lowers the mobility and/or lifetime of photoexcited carriers [71,118]. As coupling between QDs is
increased, the electron and hole wavefunctions delocalize over the QD solid. An Anderson transition
occurs as transport goes from thermally activated hopping (due to wavefunction localization caused by
electronic disorder) to band-like transport where the mobility increases with decreasing temperature
due to reduced phonon scattering [119-121].

Solar cells exhibiting external quantum efficiencies (EQE) over 100% from CM first employed
two different ligand treatments of ethane dithiol (EDT) and hydrazine [79]; without this bilayer
structure (discussed more below) CM was not observed in completed devices. In a subsequent study
by Davis et al. [80], they also used EDT/hydrazine scheme to show improved extraction with PbSe
nanorods (NRs), while PbTe QDs interestingly only required 3-mercaptopropionic acid (MPA) to
exhibit CM with over 120% [81]. Sandeep et al. [122] showed a strong correlation between the mobility
of a QD solid and the CM vyield for PbSe QDs by controllably varying the coupling of the QDs
with alkyl diamines of different carbon-chain length. This L-promoted Z-type ligand displacement
leads to necking of the QDs thereby increasing the charge carrier mobility [69,123]. This result gives
a simple design rule that to exploit CM in devices, charge carrier mobility should be in the order of
1cm?/Vs [124].

However, with increased mobility, the charge carrier lifetime often decreases due to the increased
trapping and recombination rates—this is known as the “mobility-invariant regime” [125]. Therefore,
the design and engineering of QDSCs should take into account the diffusion length of changes, not just
the mobility [126-128]. This lesson also applies to other colloidal QD materials and application, such as
Hg-chalcogenide QDs where improvements in photodetection and photovoltaics are possible through
increased understanding of the role of the surface chemistry on trapping and recombination [129,130].

2.4. (Multi)Exciton Dissociation

Dissociation can be thought of as a special case of charge transport where one half of the exciton
(either the electron or hole) has to overcome an additional energy barrier before transferring to another
QD, i.e., from the Miller-Abrams rate [131]: T'y;; = l"hop,Hh-eEdis/ k8T This additional energy barrier
is the exciton binding energy. As discussed by Talgorn et al. [119] and Delerue [132], this energy
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needed for dissociation, E s, involves the Coulomb interaction and the cross-polarization energy,
expressed as [132]:

_1.79¢? e® €y — Eout
B drtege;,  4megR  €in€out

dis &)
with gp the vacuum permittivity, R the QD radius, e the elementary charge and ¢;, and ¢,,; the
relative permittivities in the QD and outside the QD, respectively. The physical interpretation of the
cross-polarization energy can be understood using the method of image charges. Each charge has
a virtual mirror charge outside the QD that can be thought of as a sum of partial induced charges
arising from the dielectric nature of the surrounding medium. Here again, the surface chemistry of
the QD plays a role in determining the ¢,,; value, which is a measure of the dielectric polarizability.
The surrounding film/media that the exciton dissociates into is effectively a mixture of ligands and
other QDs; therefore, €, can be calculated given a certain volume fraction, f, via the Bruggeman
effective medium approximation taking ligands and QDs into account [119,133]:

fEin T fout 1)M ©)
€in + Koyt Eligand + K€out
It is an interesting question whether the values for ¢;, and €j;¢,,4 should be taken as the static
relative permittivity or the high frequency relative permittivity. Intuitively one could consider
an exciton a static entity; however, associated with the exciton is an angular frequency as in a classical
picture the electron and hole orbit each other. Hence the relevant frequency is determined by the
angular frequency of the exciton. Therefore, it is most appropriate to use the higher frequency
permittivity if the angular frequency of the exciton is commensurate with that of the optical phonons
of the material [114]. For a quantum confined charge carrier, the confinement energy is a kinetic
energy and also corresponds to the charge moving around at some frequency in the QD. While the
details are beyond the scope of this review, the upshot is that for excitons, and or charges in quantum
confined materials in general it is more appropriate to use the high frequency optical dielectric constant.
As an example, PbSe QDs with 1,2-ethanediamine ligands E ;s using the low frequency (i.e., static)
relative permittivities for the QD and ligands yields around 10 meV, whereas, calculating the Ej;; with
the relative permittivity at optical frequencies gives around 80 meV [69,114]. The latter value has been
confirmed experimentally [134].

2.5. Recombination

Carriers can recombine radiatively (emitting a photon—Figure 3, pathway 3a) or nonradiatively
(emitting phonon(s)). For nonradiative recombination there are two main mechanisms by which
charges recombine: Auger recombination (Figure 3, pathway 2a) and Shockley-Read-Hall (SRH)
recombination (Figure 3, pathway 3b). The PL quantum yield (QY) is determined by the competition
between these processes and greatly depends on the surface chemistry because this effects SRH
recombination via the passivation of surface traps [135].

Nonradiative recombination via SHR, also known as trap-assisted recombination, is the main
energy loss mechanism at low-excitation density for QD solids applied to optoelectronic devices
namely solar cells and photodetectors as the PLQY is <50% in electronically coupled QD solids and
Auger recombination is only efficient at high fluences [114,136-138]. This type of recombination is
typically only dominant when there is a high density of carriers (as in high power LEDs) and is
responsible for the “droop” in LED efficiency at higher powers [139].

Marshall et al. [140] employed a metathesis (cation-exchange) reaction to synthesize PbS QDs
from CdS QDs. They found that cation-exchanged PbS have a lower trap density than “conventionally”
(directly) synthesized PbS QDs. This is the first report to demonstrate bimolecular radiative recombination
that is reasonably competitive with trap-assisted recombination in electronically coupled QD films.
In conventionally synthesized QDs, electronic coupling leads to a complete quenching of the PL at room
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temperature as photoexcited charges diffuse to traps and recombine nonradiatively. This foreshadowed
the surge of breakthroughs in solar cell PCE with halide ligand passivation strategies.

Another special case of recombination is stimulated emission that forms the basis for lasing.
Many QD materials have energy levels such that a population inversion can occur and lead to
amplified spontaneous emission [141-143].

2.6. Extraction

Ultimately, the charges that do not recombine in the QD solid need to be extracted. Surface
chemistry of the QDs plays a strong role in the extraction efficiency in QD devices. By using different
ligands, the relative energy levels (Fermi level (EF), valence band maximum (VBM), and conduction
band minimum (CBM)) of the QD solid can be varied and therefore used to create an asymmetry
in the device energy levels [144,145]. An asymmetry is necessary for a device to keep the electrons
and holes spatially separated, limiting recombination, and selectively extracting charge carriers at
the different contacts. This not only applies to solar cells but also photodetectors. While we focus
mainly on Pb-chalcogenides the Hg-chalcogenides are also of interests to increase the spectral range
from the near-IR to the far-IR and THz regions [146,147]. The following section details the history
and progression of QDSCs using many of the concepts described above to manage the flow of energy
in devices.

3. Quantum Dot Solar Cells

A better understanding of the physics of QDs and the development of efficient methods of QD
synthesis paved the way for their implementation in light harvesting devices (photodiodes and solar
cells) and light emitting devices (Lasers and LEDs). For light-harvesting devices, PbS has emerged
as the most promising candidate among the different QD materials due to its large light absorption
coefficient, large Bohr radius, and facile band gap tunability [148].

The design or structure of a QDSC dictates many of its performance parameters [39,40,149-151].
Three structures are shown in Figure 4. The rightmost structure of Figure 4 shows QD sensitized
solar cells (based on dye-sensitized solar cells [152]) that were first fabricated using an n-type
mesoporous TiO; (m-TiOy) sensitized with PbS QDs. The first report from Hoyer et al. [153] described
photoconduction in a device with a bandgap of ~1.85 eV where the QD energy bands aligned favorably
with that of the cathode enabling carrier extraction from the QDs. Adding to this work, Ju et al. [154]
developed PV cells showing a power conversion efficiency (PCE) of 3% by sandwiching the above
setup between tin-doped indium oxide (ITO) and gold. However, the disadvantages of the mesoporous
structure for sensitized cells with liquid electrolytes pushed QDSCs towards planar solid-state
configurations. Nonetheless, research on sensitized solar cells continued with the development of
a technique known as successive ion layer adsorption and reaction (SILAR) to synthesize PbS QDs in
situ on m-TiO;. This technique involves dipping a photoelectrode (TiO,) coated substrate successively
in precursor solutions containing the Pb?* and S?~ ions to get PbS QDs. This deposition method,
known to pack a higher density of PbS QDs in the pores of m-TiO,, promotes higher light absorption
and charge extraction at the interface between TiO, and PbS QDs and hence has improved device
performance. All solid-state sensitized cells, without any polysulphide electrolyte, have also been
fabricated using TiO, NRs similar to a bulk heterojunction used by organic photovoltaics [155]. This has
opened interesting avenues of research to achieve higher performance QD-sensitized cells [156-159].
Other notable achievements include devices with Hg?* doped PbS QDs made through the SILAR
method with exceptionally high photocurrents of 30 mA/cm? [160] and devices using PbS/CdS
core/shell QDs that exhibit PCEs greater than 7% [161]. We limit our discussion to Pb-based QDs;
however, there is a burgeoning area of research using other QD materials as the sensitizers with over
12% PCE using Zn-Cu-In-Se (ZCISe) QDs [162-165].

To overcome the shortcomings of a QD-sensitized configuration, planar junction devices were
developed, starting with a Schottky junction. A Schottky junction QDSC uses the work function
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difference between the QDs and a metal contact to generate a photovoltage that extracts charges as
shown in the leftmost structure of Figure 4. Prior work [166-169] has shown the presence of a Schottky
junction at the QD/metal contact interface leading to charge separation at the rear boundary which
introduces a limitation to this configuration if the diffusion length is not long enough for charges
to reach the junction. The increased probability of recombination of charge carriers excited farther
away from the junction by shorter wavelength photons reduces the produced photocurrent and limits
the thickness of the device to below the point where not all the photons greater than the bandgap
are absorbed. Additionally, Schottky junctions have a practical limit on the maximum open circuit
voltage (Voc). The maximum Vo is approximately 1/2 the bandgap; limited mainly because of the
high reverse saturation current and photocurrent limited by the standard AM1.5 irradiance (higher
Voc is possible under concentrated light) [170,171].
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Figure 4. A compilation of the band diagrams of the three common PbS QDSCs configurations.
The leftmost configuration depicts a Schottky junction solar cell where charge carrier separation and
extraction occur at the rear junction, between the PbS QD layer and the metal electrode. The middle
configuration shows a depleted heterojunction solar cell in which the TiO, nanoparticles-PbS QD layer
interface forms the main junction where charge extraction and separation takes place. The rightmost
configuration shows a QD-sensitized device in which the differences in electron affinity between the
TiO, and the PbS QD layer causes charge separation. Reproduced with permission from reference [172],
copyright 2010 American Chemical Society.

To overcome the limitations posed by Schottky junction cells, planar p-n heterojunction solar cells
were developed (middle structure of Figure 4) and are the current front-runner for the highest efficiency
devices. Finding the proper band alignment is critical to maximizing the PCE in a heterojunction solar
cell. In this regard, ligands play a large role in determining the conduction band (CB), valence band
(VB), Fermi energy levels by inducing a dipole moment on the QD surface. Brown et al. [145] compared
the effects of 12 different ligands on the energy levels of PbS QDs and concluded that a dipole moment
formed at the interface between the ligand and the QD surface combined with the intrinsic dipole
moment of different ligands shifts the energy levels of the QD by different magnitudes. Following
this, other research groups have also performed similar spectroscopy studies on QDs under inert and
ambient conditions to determine the effect of different ligands and processing conditions on the energy
levels of PbS QDs [173]. Figure 5 shows a compilation of UPS and XPS measurements of the band
positions of 29 different ligands on PbS QDs.

Furthermore, density functional theory (DFT) calculations have shown that the lack of an intrinsic
dipole moment in iodide ligands lead to deeper energy level shifts. Thiols, with higher intrinsic dipole
moments, cancel out the interface dipole moment created by ligand interaction with the QD surface
leading to a shallower energy level shift. This has formed the basis for band alignment engineering
leading to high-efficiency PV cells [174].

While ligands have played the role of dopants, QD films have also been doped using remote
doping techniques. Kirmani et al. [175] showed that based on the electron affinity and ionization
energies, dopants with a deep electron affinity induce a remote flow of electrons from the VBM of
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the QD into the LUMO of the dopant to leave behind a p-doped QD (with the reverse energy flow
yielding n-doped QDs).
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Figure 5. A compilation of the effect of 29 different QD surface passivating ligand species on the energy
levels of PbS QDs with a bandgap of 1.3 eV from literature [144,145,174,176-178]. It is observed that
more electronegative species push the energy levels deeper due to their higher affinity to hold electrons
inside the QD by establishing a strong electric field around the QD. Samples prepared under ambient
conditions are represented by the superscript “*” while other superscripts like “+” [144], “~” [174],
“++7 [178], “~” [176] differentiate the energy level values obtained in different literature cited for
similar ligand treatments. The red, black and green lines represent the CB minimum, Fermi level and
the VB minimum respectively. Details are available in the Supplementary Materials.

In 2010, Abraham et al. [172] developed a planar depleted heterojunction configuration for QDSCs
after significant work starting with QDs blended with conductive polymers [179,180]. These devices
were the first to break the 5% PCE mark and hence formed a basis for future research. In such
a configuration, the heterojunction is formed between the light absorbing QD layer and a wide
bandgap n-doped electrode like TiO; or zinc oxide (ZnO) which acts as an electron accepting and hole
blocking layer as seen in Figure 4. The holes are collected at the back contact using a deep work function
metal like gold (Au) while the electrons are collected at the top contact which is typically a transparent
conductive oxide (TCO) like ITO or fluorine-doped tin oxide (FTO). The presence of states inside the
bandgap in real QDs leads to small minority carrier diffusion lengths in the QD film. This leads to
significant difficulty in extracting minority charge carriers formed on photoexcitation in such planar
devices, which is tackled by driving the minority carrier transport by the electric field formed by the
space charge region (depletion width) at the heterojunction. The QD absorber layer thickness in such
a case is limited to the sum of the depletion width and diffusion length, which ensures that the charge
carrier formed farthest away from the heterojunction can diffuse until it reaches the space charge
region and then be transported to the other side of the junction by the electric field. In the following
years, this depleted heterojunction QDSC configuration has undergone several modifications leading
to solar cell PCE exceeding 10% [181-197]. The following paragraphs will detail the development of
high-efficiency heterojunction QDSCs.

In the beginning of the depleted heterojunction QDSC development, short, organic ligands
like 1,2-ethanedithiol (EDT) and 3-mercaptopropionic acid were exchanged with the insulating
oleate ligands due to their ability to p-dope the absorber layer and allow better electronic coupling
between neighboring QDs in films. While EDT was predominantly used to make such devices,
Jeong et al. [128] showed that MPA ligand-exchanged PbS QD films performed much better than EDT
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ligand-exchanged films due to its ability to passivate the QD surface better and pack QDs closer than
with EDT ligands leading to higher carrier mobilities. Following the rise in usage of MPA, in 2014,
Chuang et al. [174] developed an approach that involved engineering the band alignment of the PbS
QDs based on the interaction of QD films with two different ligands. The PbS QDSCs fabricated
with the method from Chuang et al. showed a PCE of 8.55% that thereafter became the norm in
depleted heterojunction QDSCs. In this approach, each deposited layer of the oleate-capped PbS QD
film in the entire stack was ligand-exchanged with tetrabutylammonium iodide (TBAI) except the
final two layers that were instead ligand-exchanged with EDT—similar to what Semonin et al. [79]
observed using EDT and hydrazine in order to observe carrier multiplication in EQE measurements.
The deeper energy levels of iodide-capped PbS QD films align with the shallower energy levels
of the EDT-capped PbS QD films to create an energetic barrier for electrons. With this alignment,
electrons flow from the EDT-capped layers to the iodide-capped layers resulting in favorable band
bending forming an electron blocking layer to prevent electron recombination at the rear metal contact.
Using the same configuration, other research groups have obtained similar results using other ligand
combinations with functionalities like Pbl, and MPA [144], 1-ethyl-3-methylimidazolium iodide (EMII)
and EDT [178,187,188] and 1-propyl-2,3-dimethyl-imidazolium iodide (PDMII) and 1,3-propane dithiol
(PDT) [183,184]. Using Pbl, and mercaptopropionic (MPA) ligands, Crisp et al. [144] reported solar cells
with thickness optimized at over 500 nm, almost double the thickness of other record-setting devices,
due to favorable band alignments between the layers on the cell and improved surface passivation of
Pbl, over other halide treatments. The reproducibility and stability of such treatments then allowed
for further optimization of other components in the device structure and fabrication procedures.

The primary area of improvement that researchers have focused on has been the improvement of
the diffusion length of minority carriers in PbS QDs. While solid-state ligand exchange techniques have
been shown to effectively replace the oleate ligands attached to the as-prepared QD surface, it does
not fully protect the QD surface and a certain percentage of trap states remain [198,199]—some of
which could arise from fusing of QDs during the ligand exchange forming dimers that naturally have
lower energy levels in the bandgap of the other QDs [181,200]. As a result, solution phase passivation
techniques were adopted. First, a post-synthesis treatment to improve the surface passivation with
metal halides was used [201]. It was observed that this process replaced some oleate ligands while
retaining enough to maintain the stability of the QDs in the non-polar solvent (usually octane). Due to
their small size, halides have shown very good passivating capabilities and have been extensively
used in solution phase passivation techniques. Cadmium chloride—CdCl, (provided Cd?* and halide
passivation of the S%~ and Pb?* vacancies) [201], TBAI [202,203], molecular iodine (I,) [181], methyl
ammonium iodide (MAI, a milder I source) [182] and Trimethylsilyl chloride (TMS-Cl in n-hexylamine
and n-octylamine) [137] are a few examples of the ligands that have been used effectively in solution
phase ligand passivation of PbS QDSCs. The TMS-Cl passivation of QDs has also resulted in a record
diffusion length of ~230 nm arising from the partial fusion of neighboring QDs. Additionally, it was
observed that of these techniques, MAI’s ability to controllably strip oleate ligands and subsequently
passivate the QD surface well with I, has led to QDSCs with PCEs as high as 10.6% [182] and that
QDSC devices made using I, ligand passivation were found to be the most air-stable [203].

While all the above devices involved developing the QD absorber by a layer-by-layer (LbL)
deposition method coupled with consecutive solid-state ligand exchange and rinsing steps, a single
step deposition method involving complete ligand exchange through solution-phase ligand exchange
was explored to simplify device fabrication. One of the major hurdles in such a single step method
was finding the best solvent that could maintain the stability of the QDs capped with shorter ligands
in solution and at the same time evaporate in such a way that leads to smooth, uniform, and crack-free
films. Sargent and co-workers [204], at a similar time as the Kovalenko group [205,206], developed a
strategy involving a solution-phase exchange of the oleate ligands from the PbS QDs in octane with
iodide ligands present in a polar solvent like N,N-dimethylformamide (DMF). The immiscibility of the
two solvents allows the easy separation of the two phases formed and the I”-capped QDs dissolved in
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DMF are then washed and dispersed in n-butylamine with a very high concentration (=200 mg/mL).
This CQD ink is then deposited in a single step (as opposed to LbL deposition) to obtain QD films
of the required thickness and uniformity. While MAI, sodium iodide (Nal) [204] and Pbl, [207] have
been used as iodine sources, a mixture of Pbl, /PbBr, /ammonium acetate (NH4Ac) has shown the
best results leading to PbS QDSCs with PCEs of 11.28% [193] and 11.6% [192].

In addition to new passivation techniques to improve the diffusion length in PbS QD films,
researchers have also worked on increasing the width of the depletion region in the absorber layer to
improve drift-based carrier transport. In PbS QDSCs with a bilayer configuration like the one developed
by Chuang et al. [174], the existence of 2 junctions, the n+/n heterojunction between ZnO (or TiO;)
and the n/p quantum junction between I~ capped and EDT capped PbS (also called the hole transport
layer, HTL) makes it interesting to optimize the device architecture. Techniques like substitutional
doping of the ZnO layer by incorporating indium [191] or magnesium [186,190] into the ZnO lattice
in sol-gel-based ZnO, the chloride passivation of oxygen vacancies in ZnO NC films by treating the
film with sodium chloride (NaCl) [192] and the soaking of ZnO NC films in ultraviolet (UV) light to
release gaseous molecules possibly adsorbed onto the ZnO NC surface [208] have demonstrated that
increasing the n-doping in the n+ layer has indeed resulted in an improved performance of PbS QDSCs.
Analogously, increased p-type doping of the HTL via molecular doping [18] and sodium hydrosulphide
(NaHS) treatment [209] has also shown to increase the depletion width in the absorber layer in addition
to improving band bending at the interface during the maximum power point condition leading
to high fill factors (FF) and high PCE solar cells. Introducing extra electron transport layers (ETLs)
and HTLs [196,210-213] at these interfaces have also been reported to improve device performance.
ETLs are chosen such that they passivate the surface defects present in the metal oxide layer and also
promote favorable band bending at the interface between the metal oxide layer and the n type QD
films that improves the built-in and open circuit voltage. These ETLs can be self-assembled monolayers
(SAMs) formed by treating the metal oxide layer with organic solutions like tetrahydrofuran [184] and
aminobenzoic acid [197] or other intermediate buffer layers made of materials like carbon QDs [212],
CdSe QDs [214], mixed nanocrystals [188], magnesium-doped ZnO [215] or other organic buffers [216]
that have given rise to devices with PCEs >9%. While all these ETLs are used in conjunction with
a metal oxide layer, recently, CdS has also been successfully used as an n-type electrode instead of
a metal oxide to make a heterojunction QDSC with a PCE of 8% [217].

Despite the high performance of heterojunction solar cell, there are some inherent disadvantages
associated with such a configuration. The misalignment of bands at the junction could potentially
lead to a loss in open circuit voltage and improper charge injection into the n-type window layer
for QD films with a smaller bandgap [218]. Thus, the ideal QDSC configuration would be to have
a specific bandgap tuned PbS QD film with p- and n-type doping on opposite side of the p-n junction
that has the entire p-n junction absorbing light to produce photo-generated carriers. Such quantum
junction solar cells (QJSCs) have also been developed with p-type doping being achieved through
physical deposition of the oleate capped PbS layer in air followed by tetramethylammonium hydroxide
(TMAOH) treatment and air annealing. On top of the p-type layer, n-type doping through iodide
treatment inside an N filled glovebox [181,218] completes the p-n junction. Further modifications
through the addition of an n+ layer in between the iodide treated film and the metal contact [219] and
replacing the iodide ligand-exchanged n-type layer with an n-type CQD ink as discussed earlier have
resulted in performance enhancement leading to PCE as high as 8% [203]. Similar doping strategies
using S>~ have shown promise creating n-type HgS QDs for photodetectors [220].

Though PbS has been the most explored QD material in QDSCs, theoretically, PbSe shows better
promise to overcome the Shockley-Queisser limit for solar cell devices. PbSe’s larger Bohr exciton radius
improves quantum confinement of charge carriers in the QDs which in turn increases the probability of
carrier multiplication as evidenced by the work of Semonin et al. [79] and Davis et al. [80]. Similar to PbS
QDSC devices, PbSe QDSC devices were first fabricated in Schottky junction configuration [5,167,221]
following which the heterojunction configuration was adopted. In this configuration, devices with PCE
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greater than 5% have been achieved through a combination of effective PbSe QD synthesis protocols
and different solid-state ligand exchange treatments. Zhang et al. [222] and Kim et al. [223] devised
cation exchange reactions to synthesize PbSe from CdSe and ZnSe, respectively, which resulted in
QDSC devices with PCE greater than 5% and superior air-stability due to possible surface passivation
by a metal and halide ions. While the insulating oleate ligands in as-prepared PbSe QD films were
replaced with shorter and more conductive EDT in early PbSe QDSC devices, Zhang et al.’s [224] work
showed that solid state ligand exchange with TBAI ligands provided the best results by comparing
the effect of TBAI, EDT, MPA and cetyltrimethylammonium bromide (CTAB) on device performance.
By adopting techniques used in PbS QDSCs, the performance of PbSe QDSCs has also improved
in recent times. Kim et al. [223] fabricated air-stable devices with a PCE ~6% using the bi-layer
configuration, while Zhang et al. [225] added an additional CsPbBrs HTL in between the MPA
exchanged layer and the back contact to improve hole transfer and consequently the device FF and PCE.
Using a PbSe CQD ink with Pbl; surface passivation similar to that made by Sargent and co-workers [207],
Zhang et al. [226] were able to fabricate high-efficiency QDSC devices through a single step deposition
method as opposed to the LbL deposition process through spin/dip coating. The Huang group’s unique
halide passivation technique of the PbSe QDs using Cs-based perovskite NCs has helped achieve a PCE
of 8.2% [227] which currently is the world record efficiency for PbSe QDSC devices.

Figure 6 plots the PCE and Vo of all PbS and PbSe QDSCs as a function of the QD bandgap
that we could find in the literature. Figure 6a shows the majority of the devices use QDs around
1.3 eV (the theoretical optimum bandgap for a single junction solar cell). However, one of the biggest
strengths of QDs is their tunable bandgap, which could be used more to complement other existing
technologies. For instance, using QDs in combination with commercial Si or CdTe cells could boost
their efficiency in a tandem configuration [95-98,228,229].
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Figure 6. (a) The power conversion efficiency of PbS and PbSe QDSCs as a function of QD bandgap
reported in the literature (data given in the Supplementary Materials). (b) The open circuit voltage
(Voc) of all PbS and PbSe QD solar cells in the literature as a function of band gap with lines showing
the theoretical maximum Vo (green) and 1/2 the bandgap (black) highlighting the deficit QD solar
cells have compared to Si, GaAs, and CdTe record efficiency solar cells shown with X symbols (data in
Supplementary Materials).

While most of the high-efficiency QDSC configurations have used a deep work function
metal like Au as the rear metal contact, Gao et al.’s [230] work has shown the formation of
a Schottky barrier for holes at the rear PbS/metal leading to current saturation at higher forward
applied voltages. This motivated the use of different combinations of rear metal contacts to induce
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a favorable band bending for both electrons and holes. While Au is predominantly used for this
purpose, a combination of stepwise decreasing work function metals like Au/Ag or MoOx/Au/Ag
or AZO/Ag (AZO is aluminum-doped zinc oxide) has also been adopted by a few research
groups. Other than this, a few others have also adopted the use of inorganic materials like
molybdenum oxide (MoOx) [231,232], or other organic materials like poly(3-hexylthiophene-2,5-diyl)
(P3HT) [233], 2,2/,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD)
and bis-triphenylamine (BTPA-4) [211] as hole selective layers to solve this problem. Despite favorable
results with MoOy under inert conditions, Chuang et al. [174] showed that the devices with MoOx
lacked air-stability due to MoOy’s possible oxidation that results in the lowering of its work function
and thus unfavorable band bending at the interface. While different configurations seemed to have
worked for different devices, a systematic study of any possible device performance enhancement by
optimizing this interface has not yet been studied.

Other record-setting PbS devices include those developed by Choi et al. [192] with a PCE of 11.6%
based on a CQD ink and Lu et al. [195] with a PCE of 11.21% based on solid-state ligand exchange.
Though in recent years, perovskite-based QDs have also been fabricated based on cesium lead iodide
(CsPbls) [234,235] one of which developed at the National Renewable Energy Laboratories (NREL)
currently holds the world record for QD-based solar cells with PCE of 13.23% [236].

One of the main limitations of current QDSCs is their V¢ deficit, i.e., the difference between
the bandgap energy and the open circuit voltage [199,237,238]. There are several factors that could
contribute to loss: Urbach or energy tails [239,240], recombination/trap states [170,237,241], large dark
current [242], and insufficient heterojunction characteristics [237]. Figure 6b shows that regardless
of device configuration, bandgap, or research group (with the exception of 2 devices) the practical
limit for the Voc is ~1/2 the bandgap (black line). The disorder in the energy landscape caused by
film formation (e.g., QD necking, random packing) that leads to energy tailing and mid-gap states
could be mitigated by further improvements in film formation of superlattices (long-range ordering of
QDs) [243-250].

In summary, we described the processes that occur when a QD absorbs a photon and how these
energy flow pathways influence quantum dot solar cells. Furthermore, we present a description of
the history of PbS and PbSe QDs used in solar cells and compile device results from the literature to
present a complete picture of the state-of-the-art in QDSC technology. We thus propose further work
using the newest fundamental breakthroughs in synthesis, ligation, device architecture, and QD film
assembly to continue to improve the PCE.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/8/10/1867/
s1, tabulated data of QD energy levels vs ligand, performance parameters of all PbS, PbSe, PbTe, and certain QD
tandem solar cells used in Figures 5 and 6.
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