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ABSTRACT: Colloidal quantum dots (QDs) have lately been pursued with intense vigor for
optoelectronic applications such as photovoltaics (PV), flexible electronics, displays, mid-infrared
photodetectors, lasers, and single photon emitters. These nanometer-sized semiconducting crystals
can be suitably mass-produced and size-tuned via cost-effective solution-based chemistry routes,
to operate in the quantum size confinement regime endowing them with a wide array of exotic
optical and electronic properties. While the first potential market entry could be in displays and in
niche applications such as ‘internet-of-things’, ultimately, the technology has the potential to
influence large scale terrestrial power generation, as it is amenable to high-throughput synthesis
from Earth-abundant materials, large-area solution-based coating, and can be air-stable. In this
Review, we chronicle the recent advances that have propelled QD PV to the cusp of
commercialization and highlight potential areas for further progress. We present an account of the
material compositions being explored as QDs and their various benefits, major chemical
passivation and doping strategies that have been developed to allay QD surface traps, and advanced
device designs deployed to maximize charge extraction. We also discuss pathways to >20%
efficient QD PV and describe recent advances in high precision and autonomous synthesis of such
materials. With recent demonstrations of industry-compatible scalable synthesis of high-quality
QDs, smart manufacturing of QDs and QD solids, and fabrication of stable solar cells under
ambient conditions, we suggest that the technology is beginning to achieve maturity, is on the road
to technological relevance and that gigawatt per year distributed panel production sites may be

within reach.
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23 Colloidal quantum dots (QDs) are solution-synthesized and solution-processed nanocrystals of
almost any semiconductor compound, with the added benefit of size, shape and surface chemistry-
28 tunable optical and electronic properties. Conventionally, QDs are synthesized as colloids in
30 organic solvents using the hot-injection method stabilized with long hydrocarbon surface ligands
(surfactants). Synthesizing QDs with diameter smaller than the Bohr exciton radius leads to
35 confinement of the photo-generated exciton which allows the QD bandgap to be precisely tuned
37 by controlling the size of the nanocrystals.! Some modern semiconductor nanocrystals, such as
metal halide perovskites, have many of the benefits of QDs, including tunability, but achieve this

42 through composition tuning rather than size.

45 Interest in optoelectronics based on QDs has been spurred primarily by i) the promise of multi-
47 exciton generation (MEG) and utilization of hot-carriers that can potentially enable power
49 conversion efficiencies (PCEs) beyond the present-day Si single junction solar cell technology, ii)
low-cost manufactured single- and multi-junction architectures, iii) tunable optical bandgaps, iv)

54 tunable charge transport properties by manipulation of their surfaces and packing, v) high defect
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tolerance leading to appreciable photoluminescence quantum yields (PLQYS) despite their large

surface area, and vi) confinement-induced phase and chemical stabilization.

Since ~50% of the solar spectrum falls in the infrared (IR) which silicon (Si) solar cells, the
mainstay of the commercial photovoltaic (PV) technology, cannot efficiently absorb, engineered
QDs that harvest further into the IR than currently demonstrated, can be used as bottom cells in
tandem device architectures augmenting silicon PV and leading to enhancement of overall PCEs.
Demonstrations of QDs tailored to absorb in the long-wavelength spectral region of 1100 — 2500
nm are promising recent developments toward this goal.?®. QDs also offer the unique prospect of
MEG per absorbed high-energy photon.®*' MEG makes QDs exceptional amongst all the other
PV materials and, in theory, allows exceeding the single-junction Shockley-Queisser (SQ) limit of
ca. 33% PCE for a single junction device by relaxing the constraint that each photon only results
in a single photogenerated electron-hole pair.!?® These virtues have put QD solar cells on the
roadmap of third generation PV and have fueled intense research activity over the past two

decades, though MEG itself has not led to substantial increase in overall efficiency.

Initial demonstrations of solar cells based on inorganic nanocrystals involved a bulk
heterojunction of CdSe nanorods with the conjugated polymer poly (3-hexylthiophene) (P3HT) as
the absorber layer.}* This era of initial exploration also produced solar cell architectures where
QDs were used to sensitize mesoporous metal oxides in both liquid- and solid-states. CdS, CdSe,
PbS and InP QDs were used to sensitize mesoporous metal oxide layers, similar to the concept and
design of dye-sensitized solar cells.®>1” Lead chalcogenide (PbS, PbSe) QDs were the first class
of solution-processed semiconductor nanocrystals to be utilized as standalone QD solid absorbers
and semiconductor layers in thin film PV cells without a polymer heterojunction or metal oxide

scaffold. The success of these materials was ascribed to their large dielectric constants, which
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allow efficient delocalization of the photo-generated excitons resulting in high carrier mobilities

and large diffusion lengths within the QD solid.'®*® However, since QDs employ a large surface-

oNOYTULT D WN =

to-volume ratio, many surface-related defect/trap states can form due to dangling bonds,
10 atmosphere-induced surface species, and unsatisfied vacancies resulting in charge trapping.
Therefore, a great deal of research effort has focused on developing strategies to properly address
15 the surface ligand removal/replacement, all the while keeping QD solids as close-packed as
17 possible to maximize charge carrier mobility and diffusion. Despite the large density of surface
defects, the recent achievement of ~14% PCEs and remarkable ambient stability and operational
22 stability demonstrates that PbS-based QD solids can be highly tolerant to many of these issues.?-

24 23

27 Recently, colloidal metal halide perovskite QDs have emerged as another, perhaps more defect-
29 tolerant material candidate for cost-effective and solution-processed solar cells, LEDs, and
displays. In particular, inorganic perovskite QDs, the primary examples of which are cesium lead
34 halides (CsPbXs, X=I, Br, Cl), exhibit narrow emission linewidths, strong optical absorption,
36 excellent carrier mobility, and near unity PLQY's, and due to QD processing protocols have lately
been used to achieve 16-17% PCE solar cells with graded architectures that cannot easily be
1 formed using bulk lead halide perovskite thin films.2*% The efficiency of these emerging materials
43 is expected to increase well past 20% with more progress in chemistry, processing and device
optimization, and will need to leverage chemistry, structure and size confinement to achieve

48 thermodynamic and/or kinetic stability that puts it past the stability of bulk lead halide perovskites.

51 Besides the obvious virtue of quantum size-confinement in the form of size-tunability of the
53 optical absorption/emission spectrum, crystallographic phase stability/defect tolerance and

55 environmental stability have been largely ignored or underappreciated in most discussions on QDs.
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This can be best acknowledged in the context of lead halide perovskite QDs. At room temperature,
bulk CsPbls has a non-perovskite orthorhombic (8) preferential crystallographic phase which is
optoelectronically incompatible as a solar cell active layer due to its large bandgap (>2.8 eV).
However, with expanded lattice, i.e. after 300°C post-annealing, the structure undergoes transition
into the optoelectronically-compatible cubic (o) phase (bandgap ~1.7 eV). The thermal budget
involved, however, threatens to make the process unsuitable for low-cost and flexible PV
applications. On the other hand, the surface termination of CsPblz QDs causes tensile strain which
stabilizes the perovskite phase at room-temperature, solving a crucial challenge. Importantly,
CsPbls QD solar cells have outperformed their bulk counterparts in terms of device performance
(PCEs), further expanding the benefits portfolio of nanocrystal size effects. CsPbBrxlz-x QD solids
have also been employed very recently as interlayers to significantly boost the ambient stability of

perovskite solar cells.?®

Improved stability under ambient environment for nanometer-sized perovskites has been
demonstrated through reduced dimensionality in the context of layered perovskites. For example,
Ruddlesden-Popper and Dion-Jacobson perovskites have been shown to exhibit improved
resilience against thermal stress, oxygen and moisture compared to bulk phase perovskites.?’-%
Likewise, oxidation of bulk galena (PbS) in the presence of water has been well-known.3!
However, due to their size-dependent surface energy, PbS QDs can be made highly air-stable by
controlling their crystallographic facets, resulting in highly stable QD solids. Smaller PbS QDs
(diameter <4 nm) are mostly covered with Pb-rich (111) facets that bind strongly with surface
ligands, increasing air stability of the QDs.3? This improved stability of PbS QDs has allowed

fabrication of highly stable and reliable QD solar cells, including a recent report where the PbS
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QD solar cells illustrated long-term (>1-year) shelf-life in ambient conditions of high relative

humidity (RH >60%) and operational stability over 250 hours of continuous illumination.?

oNOYTULT D WN =

In most discussions related to QDs to date, surface traps and related phenomena have taken
1 center stage. Despite the well-acknowledged importance of surface traps, the not well-understood
13 and managed surface traps have negatively impacted the performance of QDs optoelectronic
devices. However, the above-mentioned discussions clearly highlight the unexpectedly improved
18 stability aspect related to dimensionality reduction of PV absorbers in general, and QDs in
20 particular, despite their inherently large surface-to-volume ratio. We believe that better
understanding of this key virtue will increasingly engage researchers in this community to pursue

25 QDs as a viable path to stable, thin-film optoelectronics and photovoltaics.

28 Surface traps in QDs are a direct consequence of the crystal surface termination and a better
30 understanding of surfaces can potentially lead to efficient trap management strategies. An ideal
32 chemical passivation strategy for QD surfaces will result in suppressed surface traps, reduced
interdot spacing, improved charge transport, improved environmental stability, as well as facile

37 and high-speed device processability.

40 This review is focused on covering recent developments and challenges of visible and NIR-
42 harvesting QD solids including surface traps and successful attempts at alleviating them. Scalable
fabrication of long-term stable QD solar cells forms another important focus of this review. Key
47 developments are highlighted where attempts to achieve trap-passivated QD inks and films have
49 directly resulted into devices that can be scalably fabricated. Recent major advancements including
51 solution-phase ligand exchange and the state-of-the-art n-i-p device architecture are discussed in
54 detail, and the issue of moisture vulnerability of the p-layer is explored. The review also highlights

56 how a comprehensive understanding of the QD surface has paved the way to scalable fabrication
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of robust QD solar cells in realistic ambient environments of high humidity, solving a hurdle to
commercialization. The emerging role that data science, machine learning and artificial
intelligence are beginning to play in accelerating the development of QD PV technologies and
improving their manufacturing will also be discussed. The review will finally discuss the prospects
for end-to-end manufacturing of QD solar cells by combining smart in-flow synthesis with smart
solution-phase solar cell manufacturing to enable low-cost distributed manufacturing of PV with

grid-scale potential.

QD Synthesis

QDs offer the benefit of low-cost and facile solution-processability. Historically, hot-injection
method in batch (flask-based) reactors has been the gold standard technique to synthesize colloidal
QDs with high PLQY and high size monodispersity. However, batch synthesis techniques typically
suffer from low manufacturing throughputs with difficulties in scale-up while preserving size
dispersity, particularly for colloidal QDs with fast formation kinetics (e.g., organic/inorganic lead
halide perovskite QDs). To address this issue and accelerate adoption of QDs in energy
technologies, microfluidic synthesis techniques have recently been demonstrated with great
success. These advances have enabled continuous production of high-quality QDs with
significantly higher manufacturing throughputs without sacrificing their quality and size

dispersity.

Hot-injection synthesis

The most commonly used synthesis method for lead chalcogenide and metal halide perovskite
QDs is the so-called ‘hot-injection” method, which relies on a rapid injection of organometallic
precursors into a high boiling point non-coordinating solvent (e.g., octadecene) in the presence of
long-chain hydrocarbon surfactants maintained at an elevated temperature (Figure 1a, b). Hot-
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injection approach was first demonstrated by Murray and Bawendi for the synthesis of CdE (E =

S, Se, Te) QDs from organometallic precursors.®® Hot-injection leads to a rapid nucleation

oNOYTULT D WN =

followed by a slow growth of the QDs, effectively decoupling the nucleation and growth stages of
10 nanocrystals in order to avoid Ostwald ripening that is known to cause defocusing/polydispersity
of the QD size.®* Hot-injection method results in high size-monodispersity (5-10%) of the final
15 product.3 -3¢ This was effectively implemented for PbS QD synthesis in 2003 by Hines and
17 Scholes.®” Oleic acid (OA) capped PbS QDs were precipitated by addition of a non-solvent and

finally redispersed in an organic solvent such as chloroform or toluene.
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Figure 1. (a) Schematic representation of the hot-injection method. (b) The reaction proceeds with
a nucleation burst followed by a slow growth. Reprinted with permission from ref. 3. Copyright
2007 Wiley (c) Optical absorption spectra obtained at room temperature for CdSe QDs in hexane
with diameters ranging from 1.2 to 11.5 nm synthesized by the hot-injection method. Adapted with
permission from ref. 3. Copyright 1993 American Chemical Society (d) TEM images of PbS and
PbSe QDs synthesized in various sizes relevant for optoelectronic applications (i) PbS QDs (scale
bar = 20 nm), reprinted with permission from ref. *°, Copyright 2016 American Chemical Society,
and, (ii) PbSe QDs (scale bar = 5 nm). Reprinted with permission from ref. 4°. Copyright 2015 The
Royal Society of Chemistry.
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The reliance of hot-injection method, in some cases, on hazardous precursors such as

bis(trimethylsilyl) sulfide has motivated research toward utilizing alternative, less-toxic metal

oNOYTULT D WN =

precursors.*#2 A simplified, alternative non-hot-injection method allows for lower temperature
10 synthesis of QDs without compromising on the physical and chemical properties of the final
product.*® Furthermore, large-scale microfluidic synthesis of colloidal QDs has been demonstrated

15 with minimum size dispersity using a numbered-up (parallel microchannels) strategy.*+4°

18 A study by Jean et al. concluded that hot-injection is a highly capital-intensive method owing to
20 low yields and, therefore, incompatible with industrial scale-up (Figure 2a).*® A significant
fraction of this high cost is the labor cost which can be attributed to the trial and error-based
25 approach toward discovery, screening, and optimization of QDs, and the lack of a continuous
27 manufacturing technology for cost-efficient production of high-quality QDs. According to this
29 Monte-Carlo cost model, flow-based synthesis and heat-up synthesis can bring down the PbS QD
PV module fabrication cost.*® Further, the authors find that CsPbls QD PV modules will cost
34 significantly more than PbS QD PV modules, due to the isolation step involved in the synthesis of
36 those QDs. Scale-up of CsPblz QD synthesis is further compounded due to the fast reaction

kinetics, which can lead to high size polydispersity.

Microfluidic synthesis

44 The concept of microfluidic synthesis of colloidal QDs was first introduced in early 2000 by
46 Mathies and Alivisatos,*’® as well as Jensen and Bawendi.***® deMello was the first to
demonstrate the potential of rapid synthesis optimization (black-box optimization) of QDs using a
51 glass-based microfluidic reactor integrated with in situ spectroscopy.®® Recently, microfluidic
53 synthesis of QDs,>2-% particularly lead halide perovskites,>->° has received significant attention,

55 mainly due to the enhanced heat and mass transfer rates as well as precise process control offered
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by microscale fluidic handling technologies.®® Microfluidic synthesis of QDs offers the prospect
of accelerated formulation screening, fundamental studies, and continuous manufacturing. In
2014, Lignos et al. reported a droplet-based microfluidic synthesis of PbS and PbSe QDs with
narrow size distributions over a wide range of bandgaps with in situ PL monitoring. The QDs were
found to have a noticeably higher PLQY compared to batch synthesis.>? Lignos et al. recently
demonstrated high-throughput screening of fully inorganic lead halide perovskite QDs using a
heat-up synthesis approach in a droplet microfluidic platform.®® The developed automated
microfluidic platform enabled rapid parameter space mapping as well as kinetic studies of lead
halide perovskite QDs. A recent report by Abdel-Latif et al. utilized a modular microfluidic
platform to demonstrate computer-controlled bandgap tuning of CsPbX3 QDs (X: Cl, Br, 1), shown
in Figure 2b.%8 Using the developed modular microfluidic synthesis technique, called ‘quantum
dot exchanger’ (or, QDExer), the QD size distribution, bandgap, and PLQY were simultaneously
monitored in real-time using in situ UV-Vis absorption and PL spectroscopy, during the automated

synthesis/halide exchange of CsPbX3 QDs.
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39 Figure 2. (a) Comparison of the module costs of CsPblz and PbS QD PV as predicted by the Monte
40 Carlo cost model. Reprinted with permission from ref. #¢, published by The Royal Society of
Chemistry. (b) Schematic representation of the QDEXxer technology for automating the synthesis
and exchange of QDs. Reprinted with permission from ref. °8, Copyright 2019 Wiley

It was asserted that a scaled-up continuous flow synthesis of QDs using computer-controlled
47 microfluidic reactors would halve the predicted high labor costs involved in the current QD
49 synthesis. To that end, the authors precisely mixed QD synthesis reagents using a train of
51 monodispersed microdroplets flowing through a microreactor, achieving superior mass transfer
control compared to batch synthesis.>® The technique can synthesize highly size-monodisperse,

56 precisely bandgap engineered QDs at a production rate as high as 1 kg/day with minimal waste
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generation. Such modular, computer-controlled QD synthesis platforms integrated with in situ
diagnostic probes provide an exciting opportunity to combine the wealth of real-time accessible
material informatics with rapidly emerging machine learning tools toward achieving autonomous

QD development and manufacturing, as was recently demonstrated by Epps et al.®

Optical and Electronic Properties of QDs

Size-tunability of the optical bandgap can perhaps be singled out as the distinguishing property
of QDs that has been the motivating force behind research interest in the field. Lead chalcogenide
QDs have high dielectric constants which allow efficient screening of charge carriers resulting in
effective delocalization of carrier wavefunctions and hence high mobilities in QD solids. High
dielectric constants also result in large Bohr radii of photo-generated excitons in these materials
(18 nm for PbS).6>% QDs with diameters significantly smaller than the exciton radius harbor
unique optical and electronic properties owing to quantum size confinement effects. Figure 3a
shows the effect of size reduction on the first exciton energy of PbSe QDs. The bandgap of these
QDs, and hence the absorption can be tuned simply by changing their size (Figure 3b, ¢). Thus,
whereas bulk PbS exhibits a bandgap of 0.37 eV, PbS QDs of ~3.2 nm size show a bandgap of
~1.3 eV. Coupled with strong absorption, bandgap tunability makes QDs attractive for solar cell
applications, allowing for more efficient harvest of the solar spectrum compared to conventional

solar modules which are limited by single bandgap absorption (1.1 eV for Si).
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23 Figure 3. Quantum size effect. (a) Schematic demonstrating increase in quantum confinement with
decreasing size of PbSe QDs. Reprinted with permission from ref. ¢°. Copyright 2012 Elsevier (b)
Variation of the bandgap of PbSe QDs as a function of their size. Reprinted with permission from
57 ref. 8. Copyright 2012 Elsevier (c) Absorbance spectra showing excitonic maxima of PbS QDs
28 with sizes ranging from 3 to 10 nm. Spectra are found to red-shift with increasing size. Reprinted
29 with permission from ref. 8. Copyright 2011 American Chemical Society.

31 From Colloidal Inks to QD Solids

34 Surface ligands serve three crucial purposes during solution-phase synthesis: (i) controlling the
36 growth, leading to enhanced crystallinity, (ii) sterically stabilizing the cores effectively avoiding
38 aggregation, and (iii), electronically passivating the surface of the QDs.®” The initial organic
ligands used to impart colloidal stability to QDs in organic solvents are long-chain, insulating fatty
43 acids (usually, oleic acid, OA) resulting in poor charge transport through solids made from these
45 QDs, making them the target of substitution with shorter ligands via solid-state (Section 4.1) or

solution-phase (Section 4.2) ligand exchange.

The long-chain OA ligands, however, have been shown to impart significant order to the QD
53 assembly, which can form long-range ordered superlattices. The transition of OA-PbS QDs from
55 liquid phase to a solid state and appearance of mesoscale order has been studied in detail using
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grazing-incidence small angle X-ray scattering (GISAXS).%®™* Drying kinetics, QD size and
surface ligand type have been shown to impact the final superlattice configuration. In general,
visible-NIR PV-relevant ~1.3 eV bandgap OA-PbS QDs undergo an fcc-bct-bee superlattice
transition (Bain transition) during drying.®® "> The potential optoelectronic benefits of QD
superlattices have been discussed,”®"® but have not been directly translated to ligand-exchanged

QD solids in PV applications.

Solid-state ligand exchange

The insulating OA-QD solids can be made electrically conductive via a ligand exchange process
— wherein the insulating ligands are replaced by shorter, conducting ligands (thiols, halides).
Removing the initial OA ligands exposes the QD surfaces to the neighboring environment and
creates potentially nefarious surface trap states, which then need to be passivated by the shorter
ligand shell. The solid-state ligand exchange (SSE) proceeds by briefly dipping the OA-QD solid

in a solution of the shorter ligands, as shown in Figure 4.
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1
2
3 Figure 4. Solid-state ligand exchange. Schematic demonstrates the various steps involved in this
: exchange process. (1) QDs capped with the longer surfactant (in this case, OA) are cast into a thin
6 solid film. (I1) The film is then dipped for a short duration in the solution of a shorter ligand (thiol,
7 halide, amine, etc.). The treatment leads to replacement of the longer ligands with the shorter ones
8 (shown here with green chains capping the QD surfaces). (111) The exchanged thin film is rinsed
9 with a process solvent to remove any traces of the clipped ligands. This process can be repeated
10 several times to build the thickness of an electronically coupled QD active layer for solar cell
:; applications.
13 It is crucial to supply an optimum number of shorter ligands to the OA-QD surface to enable
14
12 efficient SSE. As the ligand concentration is tuned, the OA-QDs undergo a steep order-disorder
17
18 transition, as the authors of this review have recently found.’” Below this optimized concentration,
19
20 solvent effects dominate and the solid remains unexchanged. A sudden transition is then observed
21
;g near the optimum, above which the various physical and chemical properties of the QD solid (inter-
24 . i . : : s .
25 dot spacing, optical absorption, physical density, carrier lifetimes, PCESs) saturate in the case of
26
27 PbS QDs, signaling completion of exchange (Figure 5). This likely happens because the
28
gg interaction of shorter ligands with the OA ligand coronas is kinetically/sterically hindered, and an
g; optimum concentration is required to initiate exchange due to ligand-ligand cooperativity.”’
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g; Figure 5. Optimizing solid-state ligand exchange. A sharp phase transition-like behavior in PCEs
53 is observed when shorter ligand concentration (v:v %) during SSE is tuned. Reprinted with
54 permission from ref. 7. Copyright 2020 American Chemical Society. This is accompanied by a
55 similar behavior observed for various physico-chemical properties (inter-dot spacing, physical
56 density, optical absorption, carrier lifetimes) and happens due to an increased ligand-ligand
57
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cooperativity once a critical number of short ligands is supplied to the OA-QDs. The study explains
why certain solid-state ligand concentrations, often optimized by trial-and-error, have traditionally
resulted in the most efficient QD optoelectronics. Insets show the a). n-p, and b). n-i-p device
architectures and will be discussed in detail under Section 5. Also shown in the insets are QD
cartoons highlighting the ligand shells getting tuned under the solvent- (blue), transition- (red) and
shorter ligand- (green) dominated regimes. Lines are shown as a guide to the eye.

The exchange brings the QDs closer enhancing charge hopping rates besides ensuring that the
QD surfaces remain efficiently passivated. The kinetics of the overall process is, however, fast
destroying the initial long-range order (Figure 6), and all the reports, to date, have shown the
exchanged QD solid to be disordered as the film exhibits only a weak nearest-neighbor coherence
peak in GISAXS. The exchanged QD solid is then washed a few times with a process solvent to
remove any loosely bound, unexchanged OA and excess shorter ligands. This cycle is repeated
around 10-12 times, in a layer-by-layer (LbL) process, to yield a ca. 300 nm thick film that can be

used as the active layer in a solar cell.”®-8
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Figure 6. (a) Optical reflectometry and quartz crystal microbalance data demonstrating the rapid
volume loss and fast kinetics of SSE. Reprinted with permission from ref. 7°. Copyright 2013
Cambridge University Press. Insets in top panel of a) are GISAXS patterns highlighting loss of
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long-range order in the QD solid upon completion of exchange. b). Mass change of the QD solid
during exchange is tracked as a function of exchange time using quartz crystal microbalance, and
suggests that exchange is complete within the first ~1-3 s. Insights into exchange kinetics explain
the loss of long-range order intrinsic to SSE. Reprinted with permission from ref. 8. Copyright
2014 Wiley.

oNOYTULT D WN =

10 The first demonstration of SSE dates back to 2003 by Guyot-Sionnest and involved CdSe QDs
12 capped with trioctylphosphine oxide (TOPO). The bulky organic ligands were replaced by dithiols
and diamines enhancing charge transport.228% The successful demonstration of a solution-
17 processed PbS QD based solar cell by Sargent in 2005 spurred interest in using these quantum
19 materials for optoelectronic applications.!® Replacing bulky, organic ligands with shorter ones,
however, involves significant volume loss and leads to unwanted cracks and pinholes in the film

>4 (Figure 7a, b)®°
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Figure 7. Optical images of spin-coated (a) OA-PbSe QD film and (b) the same film after EDT
ligand exchange. Crack formation can be seen owing to the volume contraction upon exchange.
(c) SEM image of an LbL film formed via dip-coating shows a smooth surface. Reprinted with
permission from ref. 8. Copyright 2008 American Chemical Society. (d) TEM images showing
reduction in inter-dot distance when OA-PbSe QD solids are dipped in solutions of shorter ligands
(aniline and ethylenediamine). Reprinted with permission from ref. 84, Copyright 2006 American
Chemical Society. () Reduced inter-dot distance is suggestive of QDs coming closer leading to
enhanced coupling and therefore, a conductive solid. Reprinted with permission from ref. .
Copyright 2012 Elsevier.

A way around was suggested by Luther et al. in the form of LbL SSE, in which several layers of
exchanged QDs were deposited, in a repetitive process, leading to a crack-free, thick conductive
solid (Figure 7¢).8% Conductive PbSe nanocrystal thin films made by LbL dip-coating and

subsequent SSE were obtained using 1,2-ethanedithiol (EDT) as the surface passivant, effectively
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reducing the inter-dot distance and enhancing carrier transport.®® This important work

demonstrated LbL as a general method for fabricating QD solids for solar cell applications.

oNOYTULT D WN =

9 Figure 7d shows a series of TEM images wherein SSE was performed on an OA-PbSe QD
1 solid.®* The inter-dot distance decreased from 1.8 nm for OA ligands to 0.8 nm for aniline-capping.
This further reduced to < 0.4 nm for the case of ethylenediamine ligands. Reduced inter-dot
16 distance leads to enhanced electronic coupling between adjacent QDs resulting in better
18 wavefunction overlap and charge transport, as illustrated in Figure 7e. The importance of ligand
20 exchange to transforming an ensemble of QDs into a semiconductor solid cannot be overstated
and requires simultaneous passivation of surface trap states together with significant reduction of

25 the interdot spacing whilst preserving QD integrity, i.e., quantum confinement.

28 The LbL process involving SSE is currently the standard protocol for transforming
30 OA/oleylamine-capped CsPbXz QDs into coupled, conductive solids for optoelectronic
applications.?* 8% While surface ligand exchange on perovskite QDs is far behind in terms of
35 sophistication and diversity of ligands and protocols, some key concepts transfer over to the
37 perovskite system showing generality. In CsPbls, the strong ionic nature of the compound makes
this system incompatible with many polar solvents. It is critical to find a solvent to disperse the
42 new ligands and which does not disperse the QDs with non-polar organic ligands. Methyl acetate
44 was found to accomplish this task well, promoting a moisture-sensitive displacement of native
oleate ligands with short acetate molecules.®®7. This process alone creates semiconducting films
49 but it was later found that oleylammonium ligands were not fully removed in the process.
51 Perovskite QDs made this way are distinct in that there are both anionic (oleate) and cationic
33 (oleylammonium) ligands which can be handled in separate steps. Sanehira et al. found that

cationic ligands can be replaced with small, typical A-site perovskite cations such as
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formamidinium or methylammonium.® This more complete ligand exchange has two steps but
greatly enhances the short circuit photocurrent of perovskite QD devices and leads to tunability of
the transport properties. Surface ligand engineering on CsPbBrs for efficient LEDs is
understandably an important current topic.% The general use of shorter ammonium-based ligands
such as quaternary ammonium bromides has been demonstrated.®>°! Imran et al. reported
simultaneous and complete cationic and anionic ligand exchange leading to a variety of
advantageous features such as enhanced colloidal stability, thermal stability, and PLQY.% Lu et
al. developed oleate-only ligated perovskite QDs and demonstrated X-type exchange with
cinnamate ligands enabling enhanced tunability for photoredox reactions where the nanocrystals

can be suspended in semi-polar solvents.%®

It is important to note that while solid-state ligand exchange has traditionally disrupted
mesoscale order of the QD solid’s superlattice, carrying out a very slow exchange on a long time
scale has been shown to preserve the initial long-range bcc superlattice of the OA-QDs, resulting
in significantly improved charge transport in the QD solid and highlighted the impact that
preservation of long-range order can have on electrical properties of device-relevant QD films.”
This result highlights the need for more in-depth understanding of the complex ligand exchange
process, and a fundamental understanding of ligand exchange kinetics and thermodynamics, their
relationship to the mesoscale ordering of the QD solid, and the development of structure-property
relationships that govern QD self-assembly, ligand exchange and transformation of electronically
uncoupled OA-capped QD solid into a solid-state semiconductor film. Translation of this scientific

knowledge into successful engineering and manufacturing practices is therefore crucial.

Solution-phase ligand exchange
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Although the SSE process enhances charge transport tremendously, it requires repetitive layer

deposition and processing, which are generally reliant on spin-coating, an easy-to-use but highly-

oNOYTULT D WN =

wasteful laboratory technique, making the processing incompatible with industrial scale-up. Dip-
10 coating is more scalable to large areas and can be easily automated to meet industrial demands,
however, the QD inks and solutions are likely to get contaminated during ligand exchange and
15 may therefore require sophisticated and costly solvent recovery and purification. This expectation
17 is based on an earlier demonstration of large-area scalable spray-coated PbS QD solar cells that
required LbL build-up using SSE and consumed 155 g.m PbS QDs compared to 58 g.m for

2 laboratory-based spin-coating.%+*°

25 More recently, an alternate route to realizing exchange has been developed that employs a
27 solution phase to carry out the exchange process. The solution-phase ligand exchange or SolEx
29 yields an exchanged, ready-to-coat QD ink that helps realize single-step deposited active layers,
moving away from the time- and materials-wasting LbL process.?®% SolEx, therefore, presents
34 itself as a more economic and industrially viable route to high-performing QD PV scale-up.
36 Indeed, this can be acknowledged from the fact that recent demonstrations of PbS QD solar cells
using SolEx inks have utilized 25 g.m (spin-coating), 6 g.m (spray-coating) and 1 g.m (blade-
1 coating) PbS QDs, which are significantly smaller consumptions than SSE with spin-coating.?? %

43 9

46 An efficient SolEx process was demonstrated by Talapin and co-workers that involved replacing
the long-chain, organic insulating ligands on CdSe QDs with inorganic molecular metal
51 chalcogenides (MCC) in solution-phase yielding field-effect electron mobilities (FET) as high as
53 38 cm? V151100102 These demonstrations illustrate the remarkable ability of SolEx to passivate

55 surface traps and electronically couple QDs to form a QD solid. The electronic coupling has been
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shown to result in coherent excitons which can exist over multiple nanocrystals before

dephasing.1®

The first attempts at employing SolEx for PV applications goes back to 2005 when Gur et al.
used pyridine molecules to replace the initial, insulating ligands on rod-shaped CdSe and CdTe
nanocrystals. These exchanged nanorods were used as absorber layers in a bilayer structure for
solar cells reaching 3.0% PCEs.'% In the context of PbS QDs, one of the first demonstrations of
the SolEx came in the form of a 1.8% PCE Schottky solar cell that employed n-butylamine (BTA)

ligand to replace the OA capping layer in solution phase.®

The previous attempts (noted above) employed more than one layer to achieve the desired
absorber thickness. However, the promise of SolEX lies in the possibility of a single-step deposited
absorber layer that can do away with the menial LbL protocol. The first such attempt involved
replacing the initial OA ligands with shorter, conducting thioglycerol (TG) molecules in solution
phase (Figure 8a).1% The exchanged QDs were re-dispersed in a polar solvent, dimethyl sulfoxide
(DMSO0) and were drop-cast to make the absorber layer. Drop-casting was necessary since DMSO
is a high boiling point solvent (189 °C) and therefore film formation requires a longer time (~5
hours). The QDs, however, suffered from poor surface coverage leading to low PCEs (~2%). Also,
charge transport was found to be limited by the morphological inhomogeneity of the film,
including pinhole formation in the drop-cast film, which was reflected by the low fill factor (FF)
of 35% in PV devices. The procedure nonetheless opened routes toward achieving directly-
deposited conductive active layers of PbS QDs in a single-step, avoiding the rigor and materials

wastage involved in the standard SSE process.”® 1%

24
ACS Paragon Plus Environment

The published version of the article is available from the relevant publisher.

Page 24 of 91

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.


https://process.79

Page 25 of 91

oNOYTULT D WN =

@)

o1
SNa aflm-:()ol

1
Ve

.

<
o
&
©
x

(b)

Ly
-
(9]

[

Film (| |)
fabrication
-—

Film annealing

&

000 @00
o T unv
o

o z

NMF |

XX XeX X ]

Inzow —

NH4l

w L

ACS Energy Letters

Solution phase ligand exchange

NaN;

A

CH3NH3Pbl;

AFds

+ MAI + Pbl
1,»"""‘" —

&
.+ 1. Spin-casting *
—)

CdSe NC/I-

2 /-1 g-1
12 cm V‘s. o 125

4

10
-30-20-10 0 10 20 30
Ve

k3

Slr

: 4

ad
{ i, DMF

% ®Pb

S

9S @C ON OH @I

EN %

Sa

Y

I

2. Annealing
1"

A

@0

% Hgéi i Amines

Figure 8. Solution-phase ligand exchange. (a) OA-PbS QDs in octane (left) are mixed in solution-
phase with TG. The QDs become soluble in a polar solvent such as DMSO following the exchange
45 (right). Reprinted with permission from ref. 1%, Copyright 2013 Wiley. (b) Halide-, pseudohalide-
46 and halometallate-capped QDs obtained via solution-exchange exhibiting excellent charge
47 transport properties. The exchanged QDs are soluble in N-methylformamide (NMF). Reprinted
48 with permission from ref. 2%, Copyright 2014 American Chemical Society. (c) lodide-capped QDs
49 obtained using MAI as the precursor, Reprinted with permission from ref 1%, Copyright 2014
American Chemical Society. (d) Perovskite-shelling of QDs (upper panel), reprinted with
permission from ref. %, copyright 2015 American Chemical Society, and, PbX2-QDs employing
53 ammonium acetate as a colloidal stabilizer (lower panel). Reprinted with permission from ref. %
54 (e) Two-dimensionally confined Pbl> matrix shells on QDs for improved carrier diffusion lengths.
55 Reprinted with permission from ref.1%°
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Recently, metal halides and hybrid perovskites have been explored as the shorter ligands in the
latest brand of solution-exchanged QD inks.5 9698 107-108, 110-111  Halide-  pseudohalide- and
halometallate-capped QD inks with excellent optical and electronic properties were obtained
ushering in a new class of robust inks that could be deposited, in a single-step, as active layers for
solar cells.®® 197:119 |n one such report, iodide-capped CdSe QD films were found to have field-

effect mobilities as high as 12 cm? V-!s (Figure 8b).%’

One of the first demonstrations of high-efficiency solar cells based on these robust, solution-
exchanged QD inks came in 2014 when Ning et al. demonstrated a solar cell featuring a single-
step deposited QD active layer.' The QDs were capped with iodide ligands obtained via solution-
exchange. The solar cell exhibited a PCE of ~6%, an encouraging device performance given that
no solid-state LbL treatment was needed. The steps involved in the exchange process and film
fabrication are shown in Figure 8c. A solution of methylammonium iodide (MAI) precursor in
dimethylformamide (DMF) was mixed with an octane-based colloid of OA-PbS QDs. Vigorous
mixing of the two phases led to ligand exchange in the solution phase observed as a phase
separation. These exchanged QDs were then separated, centrifuged and re-dispersed in BTA. The
advantage of using the lower boiling point solvent BTA (77-79 °C), as compared to the previous
attempt which employed DMSO, was that it enabled a faster solution drying and solidification of
the QD film, allowing to move away from drop-casting to spin-coating to achieve sufficiently thick
photoactive layers in a single step. The BTA-based QD ink was spin-coated to form a single-step
deposited, uniform and continuous active layer. The final film was mildly annealed to remove the

organic methylammonium countercations, leaving behind a completely inorganic QD solid.

This demonstration was followed by a report where the authors employed a mixture of MAI and

lead iodide (Pbl2) as precursors in the solution-exchange step.®” This resulted in replacement of
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the OA ligands and formation of methylammonium lead triiodide (MAPDI3), a hybrid perovskite,

on the surface of the QDs, upon mild annealing (Figure 8d, upper panel). These MAPDbI3-PbS QD

oNOYTULT D WN =

solar cells exhibited high PCEs approaching 9%, which was remarkable for a single-step deposited

10 device.

13 A novel precursor mixture was recently reported wherein the authors aimed to maximize the
halide ligand coverage of the QD surfaces (Figure 8d, lower panel).®® A mixture of PbXz (X = |
18 and Br) and ammonium acetate (AA) dissolved in DMF was used as the precursor solution. AA
20 was found to facilitate the exchange process and was removed from the final QD solid during
precipitation. The exchanged QDs were re-dispersed in BTA and spin-coated to form the absorbing
25 layer. As a result of the high halide surface coverage, these QD solids featured significantly
27 suppressed band tails leading to gains in device performance, compared to all the previous SolEx-
29 based QD solar cells. With PCEs as high as 11.3%, this recipe, for the first time, also outperformed
solid-state LbL-deposited QD solar cells. Until this point, the absorber layers had to be limited to
34 <300 nm in thickness, owing to their moderate photocarrier diffusion lengths. This resulted in a
36 trade-off between optical absorption (short-circuit current, Jsc) and carrier extraction (FF). The
gain in Jsc for thicker absorbers was compromised by a decrease in FF. It was later found by Xu
41 et al. that re-dispersing these SolEx PbS QDs in an amine solvent mixture (BTA, amylamine and
43 hexylamine in a 7:2:1 volumetric ratio) led to the growth of a two-dimensional inorganic
passivating matrix around the QD surface leading to improved photocarrier diffusion length
48 (Figure 8e).1%° Formation of solvent-PbXz complexes was also found to increase solution viscosity,
50 resulting in thicker active layer deposition by spin-coating. This allowed for ca. 500 nm thick

52 absorbers with simultaneous boosts in Jsc and FF, and resulted in 12.5% PCE solar cells.
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These latest solar cell advances suggest halide-ligands to be unique surface passivants. This
choice makes sense in view of recent insights gleaned from inelastic neutron scattering and ab
initio molecular dynamics simulations highlighting the role of QD surfaces in charge trapping.'?
Wood and co-workers have demonstrated that phonon modes on mechanically ‘soft” QD surfaces
couple strongly with electronic transitions leading to carrier trapping. This study highlights the
necessity of employing surface ligands that exhibit low vibrational modes, such as halides. Halide
surface passivation results in ‘rigid’ QD surfaces, suppressing the electron-phonon coupling and

leading to reduced carrier recombination.!®

One of the promises of SolEx QD inks is to enable long-range order in resulting solids by
avoiding the disruptive SSE process and thus allow improved carrier mobilities and, potentially,
band-like transport.’* 14115 However, all of the reports on SolEx PbS QDs, to date, indicate
presence of only the nearest-neighbor coherence peak in GISAXS similar to solid-state exchanged
QDs, and a complete absence of long-range order. Long-range order has been associated with size
dispersity of the initial OA-PbS QDs prior to exchange, and so further improvements in size
dispersity can likely result in long-range order via SolEx. The biggest culprit by far, however, is
likely to be the nonequilibrium solution-processing methods, whereby solidification of the solute
has been shown, through extensive in situ characterization, to occur at the very last second(s) of
the solution drying process.!'® This is known to occur in spin-cast molecular,'1° polymeric,1®
120 and metal halide perovskite materials,?*2® as well as in QD films.”® 19 In a rapidly drying
solution, the solidification process involves complex phase transformation which is initiated by
heterogeneous nucleation and growth at first, but quickly transition to bulk precipitation as the
solution becomes highly supersaturated,'?* with the remaining solute becoming quenched into a

disordered phase. The upside of rapid drying in solution processing is that it forms uniform films
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which tend to be pinhole-free, a major requirement for solar cell devices to work. However, this

compromise between mesoscopic order and macroscopic imperfections points to significant

oNOYTULT D WN =

opportunities in leveraging innovations in ligand chemistry, self-assembly, formulation science
10 and processing to make major improvements to photoactive layer and QD solid-state
semiconductor engineering. Controlling the temporal and spatial onsets and mechanism of
15 solidification should alter the quality of QD solids, analogous to how it has impacted other
17 solution-processed semiconductors, such as conjugated organic materials and bulk metal halide
perovskites, with direct impact on their solid-state semiconductor properties and PV device

22 performance.

25 In this regard, the recent success of metal halide passivation is worth a closer look, because
27 metallate-solvent complexes are known to form and can dominate the solution-processing of these
29 materials via formation of a sol which can dramatically slow the effective drying kinetics by
retaining the solvent in the as-cast film through a sol-gel process.?!12° Qur estimation of solvent
34 retention varies from ca. 50% to 70% by volume in as-cast hybrid perovskite films.1?1:123 We have
36 also demonstrated that the metal halide formulation can extend the normal drying time of a solvent
mixture from <20 seconds to >3 minutes without altering processing conditions.!? The
41 observation of enhanced solvent retention has been made in the latest generation of QDs co-
43 solubilized with metal halides thanks to in situ measurements of the solution thinning Kinetics
during spin-coating,'® which pointed to a sol-gel-like film formation mechanism in contrast to
48 traditional QD solids, requiring thermal annealing to remove the trapped solvent. This constitutes
50 among the first examples of a passivation strategy which can also alter the ink viscosity,
52 solidification kinetics and mechanism of QD solid formation with direct implication on their

optoelectronic properties.
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Atomic-ligand and Hybrid passivation

A few other surface passivation schemes that were the state-of-the-art recently are worth
mentioning here. Most of these have now been outperformed by the novel, halide-based SolEx
schemes (discussed above). These schemes employed a combination of an initial solution-phase
and a solid-state exchange, and at the time, led to high performing solar cells. These attempts
(Figure 9) highlighted the importance of halide passivation and, therefore, guided the research
front toward the now-established halide-SolEx, and may offer lessons and inspiration for the lead

halide perovskite QD solar cells to adopt.

One of these schemes, the ‘atomic-ligand passivation’, employed an initial solution-phase step
where the OA-PbS QDs were first treated with a mixture of CdCly, tetradecylphosphonic
acid (TDPA), and oleylamine (OLA).*?® The resulting cadmium—tetradecylphosphonic acid (Cd—
TDPA) complex passivated the surface dangling bonds. The QD solid obtained from this ink was
then made to undergo an SSE with cetyltrimethylammonium bromide (CTAB) dissolved in
methanol (MeOH). This second step ensured that the final solid was left with purely inorganic
atomic passivants on the QD surfaces, resulting in LbL-deposited devices with PCEs of ~6%, a

QD PV record at the time.

Another similar scheme developed n-type PbS QDs by, first partially exchanging a few of the
surface OA ligands with iodide atomic ligands.'!! Tetrabutylammonium iodide (TBAI) precursor
was employed. This was then followed by an SSE with TBAI solution in MeOH. This ‘sol-hal’
approach resulted in an n-type QD solid which was exploited in a quantum-junction QD solar cell
(n-p homojunction architecture; to be discussed in detail later) with a PCE of 6.6%, besides the
demonstration of a record electron FET mobility at the time (for a QD solid with a bandgap > 1.2
eV) of 0.24 cm?V-ist,
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36 Figure 9. Schematics summarizing ligand exchange strategies that involved an initial solution-
37 phase treatment followed by an SSE step. (a) Atomic ligand passivation scheme involving the
38 removal of OA with Br atoms. Cetyltrymethylammonium bromide (CTAB) is used to carry the Br
39 atoms to the surface. A solution-phase treatment of the OA-PbS QDs with a mixture of CdCly,
TDPA, and OLA aimed at passivating the surface dangling bonds precedes the SSE. Reprinted
with permission from ref. 126, Copyright 2011 Springer Nature. (b) The sol-hal approach involves
43 an initial solution-phase halide passivation that removes some of the weakly bound OA and
44 replaces them with halogen atoms. lodine is delivered via TBAI salt dissolved in MeOH. Reprinted
45 with permission from ref. 11, Copyright 2012 Wiley. This is followed by a TBAIl-based SSE,
46 resulting in an n-type QD solid (c) Schematic explaining the concept of hybrid passivation. SSE
with organic ligands (MPA) leads to empty trenches on the QD surface owing to steric interaction
between the organic molecules (left). These un-passivated trenches can behave as carrier traps. An
50 initial solution-phase treatment employing atomic passivants (for example, halides) can avoid this
51 scenario (right). Reprinted with permission from ref.*?”, Copyright 2012 Springer Nature. (d) This
52 strategy involves a solution-phase ligand exchange step in which chlorothiols and CdCl, are
53 introduced to the QD surface. This is followed by the usual SSE with MPA. Reprinted with
54 permission from ref. 128, Copyright 2014 Springer Nature.

58 31

60 ACS Paragon Plus Environment
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

The published version of the article is available from the relevant publisher.



oNOYTULT D WN =

ACS Energy Letters

In 2012, Ip and Thon showed that a ligand exchange strategy designed to deliver inorganic
ligands in solution-phase followed by organic thiol molecules in solid-state can lead to improved
trap passivation and closer packing of the QD solids.*?” This strategy, called the hybrid ligand
exchange, translated into high performing solar cells with a certified record PCE of 7%. The
strategy involved supplying cadmium chloride (CdCl;) to the as-synthesized OA-PbS QDs in
solution phase. Binding of the metal cations as well as the halide atoms to the surface atoms was
confirmed spectroscopically. The halides and cations successfully tied to the surface sites that were
otherwise not easily accessible due to steric hindrance of the bulky OA molecules. These pre-
treated QDs were then subjected to an SSE with MPA, leading to efficiently coupled PV solids.
The hybrid-passivated QD solids exhibited significantly suppressed trap states owing to enhanced
surface passivation, as proved by ultra-violet and inverse photoemission spectroscopies (UPS and
IPES) that allow direct measurements of the band tail states.!?® The concept of metal halide
passivation can be used to tune a variety of the properties of PbX QD arrays through judicious

choice of salts.1°

Nonetheless, it is highly likely that the harsh and rough nature of the SSE step might leach-off
some of the surface passivation imparted to the QDs during the solution-exchange step, resulting
in trap formation.8! To overcome this, a modification to the hybrid passivation scheme was
developed with introduction of chlorothiols along with CdCl in the solution-exchange step.'?® The
strongly binding thiols remain attached to the QD surface during the harsh SSE step resulting in
better-than-ever surface passivation. This resulted in enhanced carrier diffusion lengths driven by

a suppression of recombination centers leading to PCEs of 8.5%.
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While atomic and hybrid passivation approaches have been surpassed in the PbS QD literature,

we take the view that opportunities exist for such strategies in perovskite QDs, where ligand

oNOYTULT D WN =

passivation is comparatively rudimentary, but an active topic of research.%

1 QD doping

13 Doping of the QD solid is crucial, just as doping of any other semiconductor, as it allows for
tailoring the transport properties by changing carrier concentration. This is the basis of
18 semiconductor heterojunctions, and is foundational for numerous applications, such as,
20 photodetectors, solar cells and transistors.'® 100 131-140 Sypstantial effort has, consequently, focused
on realizing efficient doping of QDs. However, initial attempts which involved mixing of dopants

25 with the QD precursors in solution phase during synthesis were less successful. 4!

28 The striking observation by Guyot-Sionnest and co-workers that sodium biphenyl leads to 1Se-
30 1P. intraband absorption in CdSe QDs via remote charge-transfer opened the door to realizing
successful doping schemes in QDs.'*? Significant increase in film conductivity was observed for
35 CdSe QDs when potassium was used as the dopant.®® Impressive enhancements in mobilities of
37 PbSe QD solids were found upon hydrazine treatment suggestive of charge transfer doping.®
39 Substitutional doping, which requires the dopant to replace an atom from the QD, forms the second

4 important category of doping in QDs.1*3

Ligands as remote dopants

47 Besides enhancing electronic coupling between QDs, ligands can also be chemically and
49 electronically designed to alter and tune the QD carrier concentration, and can therefore act as
remote dopants.’*? A charge-orbital balance picture has been suggested to predict the doping
54 phenomenon in QDs based on the overall stoichiometry.'* Under this premise, (Figure 10a), the

56 nature of doping (n- or p-type) can be determined simply by calculating the total number of excess
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electrons available to the QD. For the case of iodide ligands on PbS QDs, remote charge transfer
results in an extra hole and, therefore, p-dopes the solid. Substitution of a sulfur atom with an
iodide, on the other hand, results in an extra electron, n-doping the solid. Given the vast library of
available ligands, the carrier concentration and doping of QDs can be tuned over a wide window

(Figure 10Db).

High carrier mobilities have been achieved for PbS QDs capped with iodide ligands, !t 144-147
Employing iodide ligands, n-type PbS QDs were realized leading to high efficiency quantum
junction and inverted solar cells.’*1%° Konstantatos group has demonstrated remote trap
passivation by employing zinc oxide (ZnO) nanocrystals which were shown to remotely transfer
electrons into the in-gap states of PbS QDs leading to suppression of trap-assisted carrier

recombination.®®
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Figure 10. (a) Remote doping by the ligands can be explained from the alignment of energy levels
at the interface of the QD and the ligand. A remote cation (potassium) with a shallow HOMO level
(lying above the conduction band minima (CBM) of the QD) will behave as a donor, leading to n-
doping (i). On the other hand, a remote anion (iodide) with HOMO deeper than the valence band
maxima (VBM) of the QD will result in p-doping (ii). (iii) and (iv) represent remote and
substitutional doping scenarios by iodide ligands, respectively. The type of doping can be
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1
2

3 discerned simply by counting the total number of excess electrons in the system for each case.
g Reprinted with permission from ref. 44, Copyright 2012 American Chemical Society. (b) Effect
6 of various ligand treatments on the doping density of PbS QDs obtained from FET measurements.
7 Reprinted with permission from ref. 144, Copyright 2012 American Chemical Society.

g From the above discussion, it is clear that the secondary function of ligands as remote and
10 . L N .

1 substitutional dopants has significantly helped QD PV. Employing ligands for doping, nonetheless,
12

13 involves modification of the QD surfaces. A key challenge of this approach is that ligands must
14

12 fulfill several important and occasionally competing tasks, such as effective trap state passivation,
17 : . . : . .
18 reduction of interdot spacing, and p- or n-doping, simultaneously. To further enhance the doping
19

20 level and carrier concentration of the QD solids, a facile method is needed that is not limited by
21

;g the lack of binding sites (surface coverage) on the ligand-passivated QD surfaces. Electrochemical
;‘51 doping is an interesting avenue; however, it is not compatible with practical applications since it
26

27 necessitates an externally applied bias.® 8 There have been encouraging demonstrations of using
28

29 molecules of cobaltocene, decamethylferrocene and decamethylferrocenium as remote dopants for
30

g; EDT-PbSe and PbS QD solids;®™152 however, these reports lacked any demonstration of
33 L . L

34 molecular remote doping directly leading to solar cell applications.

35

36 :

37 Remote molecular doping

38

39 Although ligands can be used to affect doping in QDs, they chemically bind to the QD surfaces.
40

2; Any further control over doping for charge transport improvement and/or trap state passivation,
ji therefore, has to be performed via physisorption i.e. by a route independent of the docking sites
45

46 available on the surface. This can be achieved by using molecules that can penetrate the
47

48 nanoporous QD film and affect charge transfer without necessarily chemically binding to the QD
49

g? surface. Engel et al. demonstrated two orders of magnitude improvement in hole concentration
52

53 after p-doping EDT-PbSe QD films with decamethylferrocene and decamethylferrocenium via
54

55 reversible charge transfer from solution.’®> Remarkably, Koh et al. efficiently converted the
56

57
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insulating OA-PbS and OA-PbSe QD films into n-doped solids via electron transfer from
cobaltocene. This was realized via a post-fabrication single-step dipping.®™>! Similarly, benzyl
viologen has been used to induce heavy n-doping in exchanged PbS QD solids by a simple dipping

process, resulting in an electron mobility of 0.64 cm?V-1s with SiO; gate dielectric.'®

Given these encouraging demonstrations, the authors of this review took the aim of enabling
molecular remote doping in the context of QD solar cells to controllably shift the position of the
Fermi level (E) inside the QD bandgap without having to alter the coating process of the QD solid
or its ligand chemistry. >4 |t was realized that the MPA-PbS QDs used as absorbers in n-p
heterojunction solar cells were marginally n-type, in accordance with earlier reports.****%" This
means p-doping these absorbers will increase the quasi-Er separation of ETL and the absorbers,
boosting Voc. Excessive p-doping, however, is likely to considerably reduce depletion width in
the absorber resulting in reduced Jsc and FF. To this end, p-doping of the MPA-PbS QD solids
with an ACN solution of a metal-organic complex, molybdenum tris(1-(trifluoroacetyl)-2-
(trifluoromethyl)ethane-1,2-dithiolene), Mo(tfd-COCF3)3, was attempted. The choice of ACN was
done in accordance with our previous finding that it does not interact and modify the QD surface.®!
The doping was carried out as a post-fabrication step by dipping the device in the dopant solution
for an optimized time (several mins), before electrode deposition. Band structure of the doped QD
solids was probed with UPS, which clearly showed migration of the Er toward the middle of the
bandgap, suggesting p-doping. For higher dopant concentrations, significant shifts in the band
structure were observed. From this it was concluded that for these high dopant concentrations,
dopant molecules around the QDs formed dipoles, significantly shifting the VBM to large values.

As expected, device performances degraded in this dopant concentration regime. For the optimized
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dopant concentration, device performance increased from PCE of 6.3% via concomitant

improvements in the Jsc, Voc and FF leading a highest PCE of 7.8%.

oNOYTULT D WN =

9 The idea of molecular remote doping was next extended to n-i-p architecture solar cells that
1 utilized SolEx absorbers. Specifically, p-doping the EDT-PbS QD HTL for solar cells based on
13 MAPbI3-PbS QD and PbX>-PbS QD absorbers was targeted. The idea was inspired by the general
16 observation in silicon PV where a heavily n-doped Si layer is used to fully deplete the Si absorber
18 layer. EDT-PbS QD solids are known to be weakly p-doped,'®®1%° and further gains in hole
20 concentration are required in order to extend depletion in the absorber. Besides, both these absorber
layers are intrinsically n-doped, meaning that the ETL needs to be degenerately doped in order to
25 maintain band bending at the maximum power point (MPP) during device operation. This inherent
27 n-type nature of the absorbers and the difficulty in achieving degenerate n-type doping in the ETL
further necessitate efficient designs to enable p-doping in the HTL. Importantly, the n-i-p
32 architecture differs from the n-p architecture in that p-doping of the HTL can potentially increase

34 depletion width in the absorber benefiting charge collection while increasing Voc.%°

37 With this target in mind, p-doping of the EDT-PbS QD solids was optimized, resorting to the
39 metal-organic complex, Mo(tfd-COCFz)s. Interestingly, the authors again found two distinct
) dopant concentration regimes: the lower concentrations successfully tuned the Er, while the higher
44 concentrations also led to surface dipoles and pushed down the entire band structure. A notable
46 challenge in doping the HTL in this architecture was to selectively dope the HTL (thickness ~30-
50 nm). This was achieved by briefly soaking the HTL upon device fabrication in the optimized
51 dopant concentration in a single step for ~30s. This led to improvement in the interfacial band
53 bending at the absorber:HTL interface and extended depletion in the absorber, resulting in

improvements in Jsc and FF and leading to overall increase in PCEs (best-performing device =
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9.5% PCE). External quantum efficiency (EQE) measurements done at MPP confirmed that the
optimally doped device was able to maintain better band bending at MPP, in accordance with

extended depletion of the absorber.

Remote doping such as this is also very effective in perovskite QD systems such as CsPbls QDs
using 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ) as the p-dopant or benzyl
viologen as the n-dopant.'®! Here, the modification of the QD array with remote dopants leads to

a dramatic increase in the mobility of charges, and was used for efficient phototransistors.

From QD Solids to Solar Cell Devices

Thermalization of hot carriers to band edges accounts for 33% loss for a single-junction 1.1 eV
bandgap solar cell. Besides this, the bandgap sets a lower limit on the wavelengths that can be
absorbed by the PV device. Subtracting the losses incurred due to extraction of charges leaves 33%
of the available solar power that can be harnessed by the solar cell, a number also called the SQ
limit.12 QD solar cells, however, are capable of breaching the SQ limit thanks to the possibility of
harvesting hot carriers and MEG.2%!! Besides, it is possible to absorb the below-gap IR photons
that are otherwise wasted, by engineering intermediate bands in QDs.%? Although these features
have not been explicitly exploited yet in QD PV, they make this technology one of the most
promising thin film PV technologies in the long run to break the SQ limit, and has been among the
guiding forces behind the intense research in this area over the past decade. Below, we chronicle

the development of QD PV device architectures.
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29 Figure 11. PCEs for QD PV over the years. The PCE growth can be ascribed, largely, to the
30 introduction of three main QD solar cell architectures over time, Schottky (brown), DHJ (blue)
31 and n-i-p (red). These device engineering breakthroughs have been further augmented along the
way with robust surface passivation recipes and the deployment of SSE, and later, SPE. Datapoints

gi shown in the graph are mentioned here in chronological order along with their references. All of
35 the datapoints represented with solid symbols have employed SSE, while the open symbols
36 represent SPE, with the exception of black-star that represents QD-sensitized solar cell.

37 @ Schottky PbS QD PV: 1.7%,'% 3.6%,'%* 5.2%,'> @ n-p PbS QD PV: 3.0% (certified),'®®
38 5.1%,'7 6.0%,'2° 7.0% (certified),'?’” 8.5%,'%® 9.2%,'!% @ n-i-p PbS QD PV: 9.2%,17° 10.7%,'"!
23 10.8%,% <> n-i-p PbS QD PV (SPE): 11.3% (certified),%® 12.5%,'" 13.3%,%° B n-i-p Perovskite
41 QD PV: 10.8%,% 13.4% (certified),® 15.7% (certified),?* 16.6% (certified),”® % QD-sensitized
42 PV: 13.3%,17% % n-i-p AgBiS, QD PV: 6.3% (certified),!”™® O PbS QD/organic hybrid (SPE):
- 13.1%,2' @ p-i-p PbSe QD PV: 10.7%.174

45

46 PbS QD PV efficiencies have risen dramatically over the last decade. The PCE growth is
47

22 summarized in Figure 11, and can be categorized into three main eras: Schottky architecture era
g? (brown), depleted heterojunction (DHJ) architecture era (blue) and n-i-p architecture era (red). In
52

53 each of these eras, modifications to ligand exchange, control over doping type and amplitude, and
54

55

56

57
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improvements in device architecture have combined to push the PCEs up. Major QD solar cell

architectures are briefly discussed below.

Schottky architecture

Schottky solar cells employ a fairly simple architecture with a thin QD absorber layer
sandwiched between the top (a low-work function metal) and bottom Ohmic-contact transparent
(ITO) electrodes (Figure 12a). The QD absorber forms a Schottky contact with the metal electrode
which effectively separates excitons photo-generated in the absorber. The Schottky device
architecture primarily suffers from two major issues: i). since the junction is formed at the backside
(far-end) and transport in QDs is limited owing to small minority carrier diffusion lengths,
thickness of the absorber and hence absorption are limited, leading to ineffective collection of
charges generated at the back end of the cell. ii). A second disadvantage of this architecture is the
Er-pinning limiting the open-circuit voltage (Voc) which cannot exceed half the QD bandgap.
Schottky architecture was, in fact, the first to be studied in QD solar cells. The first demonstration
employed SSE with EDT ligands and led to PCEs of 1.8%.%% Improvement was demonstrated
when a combination of SolEx and SSE was employed.®* SSE with 1,4-benzenedithiol (BDT) has
recently taken these cells to 5.2%,%° however, interest in Schottky architecture has waned since
the advent of the better-performing DHJ and n-i-p architectures. The growth of QD PV employing

the Schottky architecture is represented by the brown thread in Figure 11.

Depleted heterojunction (DHJ) architecture

One of the first demonstrations of the DHJ architecture employed PbSe QDs in contact with a
ZnO layer and resulted in 1.6% PCE.'® This architecture was adopted by the PbS QD
community,*®®-167 and was an immediate success resulting, simultaneously, in high Jsc and Voc

and therefore high PCEs. These solar cells carry the obvious distinction of a n-p heterojunction
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between the p-type QD and the n-type wider bandgap metal oxide layers (Figure 12b). Importantly,

the depleted heterojunction is situated closer to the transparent front contact, overcoming the

oNOYTULT D WN =

charge extraction bottleneck associated with the Schottky architecture, leading to high FFs in
10 excess of 55%. Since the excitons generated at the back end had to rely on diffusion for extraction,
robust passivation schemes were developed to suppress traps and enhance diffusion lengths in the
15 solids. Atomic-ligand and hybrid passivation strategies made impacts and led to record PCEs at
17 the time.1%612" These strategies employed a pre-treatment of SolEx passivation of QDs, followed

by an SSE of the films, to ensure better overall surface passivation.

Since the DHJ architecture had to rely on diffusion-limited charge transport beyond the depleted
25 QD solid, it was argued that enhancing the depletion region would benefit charge extraction,
27 similar to the effect of increasing carrier diffusion lengths. This led to the concept of the ‘donor-
29 supply electrode’.1%8 176 The electron accepting metal oxide was placed in contact with a shallow
work function front electrode. This effectively enhanced the electron density in the oxide layer via
34 charge-transfer doping. The n-type oxide with an increased free carrier density pushed forward the
36 depletion region in the QD solid, resulting in better charge collection. The concept led to 8.5%

PCE DHJ solar cells.'®® These devices employed hybrid passivated PbS QDs.

) The hybrid passivation scheme, as mentioned earlier, involved a CdCl; surface treatment of the
44 QDs in the solution-phase, besides the usual solid-state treatment (with MPA) of the solid. It was
46 found that replacing CdCl, with amines in the SolEx induced partial fusion of the QDs leading to
self-passivation of the surfaces.'®® This modified hybrid passivation approach, effectively, reduced

51 the overall QD surface area leading to reduced surface traps.
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Figure 12. (a) Schottky device architecture, reprinted with permission from ref. 1’7, Copyright
2011 American Chemical Society (b) DHJ (left) and DBJ (right) architectures, reprinted with
permission from ref. 1’7, Copyright 2011 American Chemical Society (c) quantum homojunction
device architecture, reprinted with permission from ref. 1’® | Copyright 2013 Wiley, and (d) graded
doped device architecture, reprinted with permission from ref. 1’8, Copyright 2013 Wiley.

These robust QDs featured record-high diffusion lengths in excess of 200 nm allowing
fabrication of 600 nm thick absorber layers resulting in Jsc as high as 29.5 mA cm. This strategy

took the DHJ solar cells to 9.2%.

An interesting modification of the DHJ architecture targeted enhancement of charge extraction
from the absorber by employing nanostructured electron acceptors. The idea is similar to the
scheme well-known in organic PV where the electron-donating phase (donor) and electron-
accepting phase (acceptor) are mixed together forming nanodomains improving charge extraction,

circumventing the short carrier diffusion lengths in those materials.*'® This architecture was called
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the depleted bulk-heterojunction (DBJ) and aimed to break the photon absorption-carrier

extraction compromise in the DHJ solar cells (Figure 12b). Usually, nanopillars, nanowires or

oNOYTULT D WN =

larger nanoparticles of the electron acceptor were employed into which QDs were deposited.1”9-182
10 This allowed deposition of thicker PV solids and lent a three-dimensional spatial extent to the n-p
junction, compromising for the short diffusion lengths of minority carriers in these solids.83-184
15 PCEs with the bulk heterojunction architecture have very recently approached 10% by carefully
17 controlling the growth orientation of the ZnO nanowires, and enabling capillary attractive
interactions between the nanowires and PbS QDs that led to denser packing and increased

22 infiltration of the QDs.*®

25 Quantum homojunction

27 The slight offset between the bands of the electron acceptor and the QD solid in the DHJs leads
to an unfavorable ‘spike’ at the interfacial band structure, which either hurts the Voc or the Jsc,
32 depending on its direction. This necessitates the concept of a homojunction which can guarantee a
34 smooth band bending at the interface. This requirement fueled the demonstration of the first
quantum homojunction QD solar cell.**° It had an added advantage of photon absorption by both
39 the n- and p-sides of the junction, enhancing light harvesting. The architecture is shown in Figure
41 12c and employs a thick n-type QD solid atop a thin p-type QD layer. A highest performing device
43 of 5.4% PCE was achieved. Importantly, this was one of the first demonstrations of a PV device

employing n-type QDs.

49 The n-type solids employed in this architecture had low doping. Increasing the doping of these
51 layers can lead to a higher Voc, however, will decrease the depletion region width. To solve this,

33 a graded doping approach was developed (Figure 12d).1"® A highly n-doped QD solid was placed
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atop the n-type QD layer aiding carrier extraction and also the overall Voc. This adjustment led to

a 7.4% PCE quantum junction solar cell.

n-i-p architecture

In 2014, Chuang et al. noticed that it was possible to affect energy level shifts in the QD band
structures by varying the surface ligands (Figure 13a).1°® Whereas halide ligands were found to
push the band structures deep (large electron affinities), thiols would render the QD band structures
shallow (small electron affinities). It was suggested that the overall changes to the band structures
were due to a combination of the QD-ligand interface dipole and the interface dipole moment of

the ligand.
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Reprinted with permission from ref. 16, copyright 2014 American Chemical Society (b) With this
information, suitably chosen ligands were employed to form the n-i-p device architecture where,
49 (c) EDT-PbS QDs were used as the HTL reducing back-flow of photogenerated electrons.
50 Reprinted with permission from ref. 19, copyright 2014 Springer Nature. (d) CsPblsz QD solar cells
51 also employ n-i-p architecture. (e) Cross-sectional SEM of a CsPblz QD solar cell. Reprinted with
52 permission from ref. 8. Copyright 2016 AAAS.

54 This understanding led to the development of a novel device architecture wherein a thin film of

56 EDT-PbS QDs with a shallow CBM was placed atop the absorber layer (Figure 13b, c).° This
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additional layer prohibited backflow of photo-generated electrons into the hole-collecting
electrode while aiding hole-extraction and depleting the mildly n-type TBAI-PbS QD active layer.
It is important to mention that TBAI-PbS QD solids were earlier used as absorbers, however,
employing an EDT-PbS QD hole-transporting layer (HTL) helped increase the PCEs significantly,
besides enhancing air stability.!’® Recent findings suggest that it is this absorber:HTL junction in
these devices that is the dominant rectifying junction, as the TBAI-PbS QD absorber layer is n-
type.18® The architecture is, therefore, essentially n*-n-p, and requires the HTL to be strongly p-
doped. TBAI ligands are known to leave organic residues that can likely hurt device performance.
Crisp et al. later demonstrated a path to organic-free exchanged PbS QD solids by developing an

SSE that involved post-treatment with Pbl, with appreciable device performances.®’

This new device architecture has opened routes to further improvements and catalyzed the steep
growth in QD PV over the past couple of years, as Figure 11 (red thread) suggests. Soon after this
demonstration, a QD absorber exchanged with a combination of SolEx and SSE with halide ligands
(iodide) led to 10.2% PCEs, benefiting from enhanced passivation.'® This was followed by a
vacuum level modulation of the electron-transporting layer (ETL) by self-assembled monolayers
resulting in a high Voc of 0.66 V with PCEs reaching 10.7%.%" Modification of the electron

transporter with EDT has also been recently reported.*®

As discussed in the previous section, SolEx has been utilized to yield single-step deposited QD
absorbers, taking the QD PV technology a step closer to scalable fabrication. These solar cells
have also employed a top EDT-PbS QD HTL in an n-i-p configuration. Hybrid perovskites and
lead halide ligands have been used to cap the QD surfaces in solution-phase resulting in highly

efficient QD inks which have recently led to the realization of 12.5% PCE n-i-p solar cells,%-%. 109
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Although these solar cells did not require LbL build-up of the active layer, spin-coating was still

used to fabricate the absorber. The HTL, however, still requires SSE via LbL deposition (2 layers).

oNOYTULT D WN =

9 The n-i-p architecture has also been found to benefit tandem solar cells fabricated from QDs.1%
1 Two subcells of equally-sized QDs featuring TBAI-QDs as the absorber and EDT-QDs as the HTL
were connected via an ultrathin Au layer which acted as the inorganic recombination layer. The
16 overall device performance of the tandem device approached 9.0% which is almost twice the

18 previous best all-QD tandem solar cell.*%

21 Nonetheless, there has been growing evidence that the n-i-p architecture suffers from inherent
doping issues with the HTL that directly hinder charge transport, ambient manufacturability and
26 stability of the n-i-p devices. It was found by Speirs et al. that the EDT-PbS QD HTL is
28 unoptimally p-doped, and a post-deposition treatment with sodium hydrosulfide (NaHS) was
30 found to effectively increase the hole concentration further depleting the TBAI-PbS QD active
layer, improving Jsc and FF in TBAI/EDT n-i-p architecture solar cells.*>® Further, the authors
35 found that the HTL needed to have an order of magnitude higher doping concentration compared
37 to the active layer, in order to fully deplete the active layer.*® A similar observation was made by
us recently in the context of n-i-p solar cells that employed SolEx MAPDbI3-PbS QDs and PbXo-
42 PbS QDs as the active layers and an EDT-PbS QD HTL. The large electron-affinity (EA) metal-
44 organic complex, Mo(tfd-COCFs3)s, was used as the p-dopant to tune the Er of the HTL, improving
Jsc and FF. This HTL doping strategy was also found to work for perovskite solar cells, as

192
49 demonstrated recently.
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The suboptimal doping of the HTL has also been found to be a severe concern when PbS QD
solar cells are fabricated in high RH ambient conditions, proving to be a major bottleneck to

ambient manufacturability of these devices.?? 1%

It is important to note that this is currently the standard device architecture for CsPblz QD solar
cells (Figure 13d, €). QD absorber layer is deposited using the SSE LbL process via spin-coating.
The as-cast QD film is soaked in methyl acetate (MeOAC) to enable ligand removal/exchange.®’
The architecture employs spiro-OMETAD as the HTL. Very recently, it was shown that forming
the absorber layer by layering CsPbls QDs atop Cso.2sFA0.7sPblz QDs results in a charge separating
interface within the absorber.?* This modified architecture resulted in certified ~16.6% PCE solar

cells.?*

QD-sensitized solar cells

QD-sensitized solar cells have been pursued since 1980s and competitive PCEs of >13% have
been recently reported.®-1" 172 An important distinction with the other QD device architectures is
that these solar cells are not based on QD solids, but use QDs to sensitize a mesoporous metal
oxide photoanode and are similar in design and operation to dye-sensitized solar cells. Electrons
photogenerated in the QDs upon light absorption are injected into the metal oxide, while an

electrolyte regenerates the oxidized QDs.*%

However, the appreciable carrier diffusion lengths in QDs enable planar device architectures to
perform equally efficiently in extracting photogenerated charge carriers. Further, QD-sensitized
solar cells require extra care in QD loading on the mesoporous photoanodes making the process
time-consuming. For higher PCEs, the architecture can also require liquid electrolytes that limit

device stability and can constrain handling and packaging presenting a scalability challenge.
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Challenges, Opportunities, and Future Directions

Despite the significant inroads made over the last few years in improving surface passivation

oNOYTULT D WN =

and charge extraction, considerable further progress is required to improve PCEs beyond 20% in
a scalable fashion and/or possibly warrant their integration into hybrid tandem solar cells with
13 other PV materials. Fundamental developments in materials science and device engineering,
15 together with breakthroughs in precision synthesis, as well as the stability of QD solar cells and
their scalable and ambient manufacturability have recently received attention and will help

20 delineate the path forward for QD solar cells.

23 Improvements in charge extraction and collection

25 Optimum QD absorber layer thickness required to absorb all the incident light is ca. 1 um, yet
current device architectures employ significantly thinner absorbers (ca. 500 nm). Improved surface
30 passivation schemes have helped increase carrier diffusion lengths which are, however, still
32 generally limited to 100 nm,'% holding back the achievable absorber thicknesses and therefore the
Jsc. Improvements in QD passivation and mesoscale arrangement and ordering of closely packed
37 QD solids via improved passivation and remote doping strategies, as well as precise solution
39 processing of QD thin films, are expected to yield increases in the carrier diffusion length in QD
4 solids. An alternative or complement to approaching this problem can be to search for highly p-
44 doped HTLs, which can ensure full depletion of thick absorbers. This should potentially also
46 increase the Voc, another important parameter that needs attention, which is governed by the split
48 in quasi-Er of the n-type ETL and p-type HTL in n-i-p architecture devices. A third route can be
development of highly efficient BHJs, which rely on nanostructured ETLs that penetrate into the

53 absorber layer alleviating the problem of short diffusion lengths. Blending p- and n-type QDs into
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nanodomains might also allow thicker absorbers without compromising charge collection,

compared to the current layered device structures.%

ETL plays a crucial role in the n-i-p architecture, in general, by depleting the absorber and
extracting electrons while blocking hole backflow. This is still important in the context of the latest
QD solar cells despite the fact that the absorber:ETL interface is not the dominant rectifying
junction. ZnO nanoparticles have traditionally been used as the ETL in n-i-p QD solar cells.
Although charge transport in ZnO ETLs is better compared to titania (TiOx), exploring alternative
ETLs with even higher electron mobilities and weaker optical absorption will be helpful. Besides,
given the n-type nature of the generally used QD absorbers (TBAI-PbS, PbX>-PbS), having strong
n-doping in ETLs is desirable. Indium oxide (In203) has a wider bandgap (~3.8 eV) and a high
electron density due to oxygen vacancies. In principle, it should allow better harvesting of the UV-
photons which are otherwise absorbed by ZnO. Further n-doping of ETLs should increase absorber
layer depletion. The higher energy UV-photons should help increase Jsc further, besides aiding
MEG. Optical transparency to UV photons can also have implications on improving various
stabilities of the CQD solar cells. In fact, we have recently found that replacing the standard, thick
ZnO ETL in n-i-p CQD solar cells with an ultrathin bilayer In2O3/ZnO ETL leads to noticeably

improved UV-stability, shelf-life and I-V hysteresis, while allowing 11% PCE.1%

Improvements in Voc

In general, Voc has been less than half the PbS QD bandgap. Even though PCEs have
significantly improved from Schottky architectures to the current best-performing n-i-p PbS QD
solar cells, Voc has only increased from 0.50V to 0.65V, a comparatively less impressive ascent
which needs attention. Band tails arising out of disorder in the PbS QD solid and sub-bandgap

traps have been suggested to be the possible origin of the observed low Voc.% 160 An exciting
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report on bulk nano-heterojunction device architecture employed a combination of MPA and zinc

iodide (Znl,) as ligands suppressing sub-bandgap traps, and led to a record high Voc of 0.8V.17

oNOYTULT D WN =

This advanced device architecture involves incorporation of ZnO nanocrystals into the PbS QD
10 matrix which trap passivate the QD traps via remote charge transfer.t>% 1% Although the overall
optical absorption is lowered hurting the Jsc, it is likely that with further optimization of this
15 architecture and systematic passivation of sub-gap and tail states, concomitant improvements in
17 Voc and Jsc should be within reach. Size polydispersity is a well-known cause of Voc deficit as it
creates inclusions inside the bandgap.®® Controlling size polydispersity arising from QD fusion

22 during the exchange process can yield Voc improvements, as Jo et al. have recently shown.?%

25 Improvements in charge transport in QD solids, unfortunately, come at the cost of the long-range
27 order that the long, insulating ligands impart. Bringing the QDs closer by ligand exchange
29 increases the charge tunneling rate improving charge transport. However, the exchange process
removes any signs of the initially existing mesoscale order creating a disordered arrangement of
34 QDs within the solid and results in increased band tails, which are a source of the large Voc-deficit
36 QD PV currently suffers from.”* % We have reason to believe further gains in charge transport can
be obtained if this disorder can be suppressed. There have been recent key advances where
41 exchanged QD superlattices have been used to fabricate electronic devices with record carrier
43 mobilities (24 cm?V-1s1).73 146,201 promoting improved self-assembly via precision-controlled
solidification processes should help improve the quality of QD solids and eliminate a source of
48 energetic disorder. Suppressing size polydispersity, for instance, with the help of more
50 fundamental and quantitative understanding of nucleation and growth mechanisms of colloidal
52 nanomaterials, together with a transition to in-flow reaction synthesis together with process

automation and machine-learning-guided experimentation, will enable improved QD quality,
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defect mitigation, self-assembly as well as marked improvements in Voc and charge extraction by
suppressing bandgap inclusions and enabling band-like transport.”* Together, these steps will

accelerate the pathway to bringing >20% PCEs within reach in the coming few years.

Ligand exchange is also known to introduce non-radiative trap states in PbS QD solids leading

to a significant decrease in PLQY upon exchange.?%

It is known that every order-of-magnitude
reduction in PLQY corresponds to a 60 mV drop in Voc.?®® For 1.3 eV bandgap PbS QDs,
maximum achievable Voc limited by SQ limit is 1.03 V, and implies that the latest solar cells with
a Voc of 0.65 V possibly have PLQY in the range of 10°%,2%2 highlighting the need for further
improvements. There have been recent reports on using quasi-fermi level splitting (QFLS) to
understand Voc-loss mechanisms in perovskite solar cells.2%42% Light intensity-dependent QFLS
measurements have helped decouple the impacts of perovskite absorber and charge extraction
layers on overall device performance.?* Such studies do not currently exist for PbS QD solar cells

and are urgently needed to understand carrier loss mechanisms for suppressing the significant Voc-

losses and improve PCEs.

Tandem QD PV

Another key area which needs dedicated research focus is development of tandem and hybrid
tandem solar cells that integrate QD PV as the back cell to harvest the NIR component of solar
spectrum. There have been encouraging demonstrations of such device architectures over the last

few years where 1.3 eV solid-state exchanged PbS QDs have been employed.2%6-208

PCEs nearing 13% have lately been achieved for a hybrid QD:organic tandem solar cell design
that uses an organic bulk heterojunction as the back cell.?®® Importantly, these solar cells
demonstrated appreciable long-term shelf-life. Similarly, a four-terminal tandem solar cell

utilizing dye-sensitized and QD subcells recently reached 12% PCE.?*® PbS QDs have also been
52
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explored as rear subcells in tandem with CdTe QDs resulting in impressive voltages in excess of

1.1v.2
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A major advantage of QDs is their ability to absorb in the NIR spectral range. Fresh insights in
1 large-sized NIR QD PV solids have successfully pushed the >1100 nm wavelength EQEs to ~80%
13 seeing massive gains in Jsc and significantly improved harvest of NIR photons,’® 212214 that
currently the most-efficient PV technologies including commercial Si, perovskites, and organic
18 tandem cells fail to harness.??'® SolEx has enabled scalable fabrication of stable and high-
20 performing PbS QD solids, and integrating the larger-sized SolEx NIR PbS QDs as back cells with
the best single-junction organic solar cells (>18% PCE) should lead to further improvements
25 thanks to the spectral complementarity of the two semiconductor materials.?*’2!8 This looks more
27 likely with the recent developments in CsPblz QD PV where >16% PCE single-junction solar cells
29 have been reported. With non-fullerene acceptors (NFAs) now leading organic solar cells to >18%
PCEs, an organic-QD hybrid tandem solar cell can potentially be optimized to achieve PCE >20%
34 in the near term. For this to happen, efficient recombination layers and solvent compatibility
36 between the QD and organic sub-cells need to be realized, which requires development of new ink
formulations as well as robust recombination layers, as was recently demonstrated.?®® In this
41 regard, SolEx can be helpful as a ready-to-coat QD ink minimizing solvent exposure, but ink
43 developments in general need to avoid damage to other solution-coated layers used in the

multilayer device stack.

48 Long-term stability of QD PV
51 Foremost attention to date has been focused at perfecting the QD surfaces and PV device
53 architectures, resulting in steady gains in charge transport and devices performances. However,

55 attention must now begin to focus on making QD solar cells an inherently stable technology. This
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concern has recently been highlighted by Tan et al. who mentioned three types of stabilities as
crucial and timely requirements for further progress of QD PV: long-term device stability, QD ink

stability, and ambient manufacturability.?®

Solar cells with PCE >10% were shown to exhibit ambient shelf life of >1 year without
encapsulation (Figure 14a).2> More impressive still, they exhibited operational stability with 250
h of continuous operation under 100 mW.cm illumination in inert atmosphere. The devices
exhibited an initial burn-in which saturated after 3 h of operation, beyond which the PCEs were
remarkably stable.?? It is clear from Figure 14b that the QD solar cells undergo negligible
degradation after the burn-in, suggesting a lifetime significantly longer than 250 h. Similarly, UV-
resilience of the solar cells increased when the conventional thick ZnO ETL was replaced with
ultrathin In203/Zn0O bilayers (Figure 14c), owing to enhanced optical transmittance and reduced
carrier recombination in these bilayer ETLs.% These results point toward the intrinsic stability
and promise of QD PV for long-term applications. Further efforts must target an understanding of
burn-in and ways of overcoming this initial performance degradation. It is important to translate
these early demonstrations to QD solar cell modules and subsequent field testing under various
environmental stressors, such as moisture, oxygen, heat and UV-light. Since the year-long ambient
stability discussed above was obtained for unencapsulated devices, encapsulated modules are
expected to show longer lifetimes given the extra layer of protection from moisture and oxygen
attack. Still, the stabilities discussed above for PbS QD PV are far lower than what are needed
under realistic conditions (>25 years), and further efforts are required to meet this goal. It is also
crucial to explore performance and stability of QD solar cells upon irradiation with high energy

radiation, such as alpha and beta particles, gamma ray photons, protons and neutrons. Such tests
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will determine feasibility of QD PV for installation in low-earth orbit satellites with exposure to

ionizing radiation.
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Dimensionality reduction has played a defining role in crystallographically and chemically
1 stabilizing all-inorganic perovskites at room temperature, and resulted in high-performing CsPbls
13 QD solar cells.?* & However, it is unclear at this time if these devices can demonstrate long-term
shelf life and operational stability. Given the ionic nature of CsPbls, these QDs are expected to
18 suffer from degradation under moisture. Demonstration of effective passivation layers, such as 2D
20 perovskites in the context of bulk perovskite PV,? should therefore be a key step toward

establishing CsPbls QD PV as a promising technology.
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Figure 14. (a) Stability of unencapsulated devices over several months of storage in high-RH (50-
60 %) ambient air. Inset shows a flexible device on plastic ITO substrate.?? (b) Photostability of
unencapsulated devices over several hours of continuous light irradiation. Inset shows the initial
burn-in, after which the PCE saturates. Reprinted with permission from ref. 22. Copyright 2018
Wiley. (c) Improved UV-resilience when ultrathin In2O3/ZnO bilayer is used as ETL (green
datapoints). Lines are drawn as a guide to the eye. Reprinted with permission from ref. 1%,
Copyright 2020 American Chemical Society.

Scalable fabrication of QD PV

Solvent engineering

In the legacy LbL protocol for absorber layer fabrication via SSE, 10-12 repeats of the coating-
exchanging-rinsing cycle are carried out. This makes the overall process highly time-taking and

material consuming even if it is automated. It is important to understand the need behind such a
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rigorous, time- and materials-wasting process. Limited carrier diffusion lengths in QDs constrain

the optimum absorber layer thickness, which is usually ~300 nm for MPA- and TBAI-PbS QDs.
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In principle, a compact ~300 nm absorber can be achieved by: i) starting with a thick OA-PbS QD
10 film and soaking it with MPA or TBAI solutions for a long time (~several minutes), or ii) starting
with an initially thin OA-PbS QD film, soaking it with MPA or TBAI solutions for a shorter time
15 (~few sec), and repeating the process several times. In the nascent stages of QD PV, it was realized
17 that the choice 1) would not be successful since the exchange resulted in a significant volume loss,
leading to observable cracks in the film which can act as barrier to charge flow during device
22 operation. Choice ii) was therefore accepted as the standard protocol. In this process, the as-cast
24 layer of OA-PbS QDs is usually ~80 nm thick, and requires a ~3s soaking in the MPA ligand
26 solution in MeOH (MPA/MeOH) to be fully exchanged without causing harm to the film. The
29 resulting cracks in the exchanged and rinsed film are filled by a subsequent OA-PbS QD layer
31 coated directly on top, which is then similarly exchanged and rinsed. Since the films require spin-
33 coating, the process entails significant materials wastage, is time-consuming and is definitely not

scalable.

With an aim of remedying this issue, a modified LbL scheme was sought which involved a far
41 fewer number of cycles.®! The strategy involved fabricating the ~300 nm absorber in 3 cycles of
43 100 nm per exchanged layer. Accordingly, each ~250 nm thick OA-PbS QD layer was exchanged
45 for ~60s in MPA/MeOH, resulting in ~100 nm exchanged MPA-PbS QD layer; however, the
48 overall device performance was significantly poorer compared to the 10-12 LbL solar cells. It has
50 been reported that protic solvents such as MeOH desorb carboxylate ligands from the surface of
52 QDs.?2% An investigation into solvent-QD interactions in real time via a quartz crystal

microbalance (QCM) detected mass loss by the OA-PbS QD film in contact with MeOH (Figure
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15a) suggesting that MeOH had a role in the observed performance loss. This solvent interaction
was found to leach-off the surface halide passivant (chloride) resulting in surface traps which were
directly measured using UPS (Figure 15b). Confirming the negative impact of a long exposure of
MeOH on device performance, a completely contrasting and aprotic solvent, acetonitrile (ACN)
was deployed as the processing solvent. ACN turned out to be a very benign solvent without any
halide leach-off. Modifying the ligand exchange process, QD absorbers were fabricated using
MPA/ACN solution in 3 LbL steps, resulting in solar cells that performed at par with the 10-12
LbL controls using the legacy MPA/MeOH. The demonstration highlighted that surface trap

mitigation, ligand chemistry, and process scalability are often indirectly coupled.

Lu et al. recently extended the idea of solvent engineering in the context of the n-i-p architecture
QD solar cells (TBAI/EDT).?2! These solar cells, in general, require a TBAI/MeOH ligand
exchange to build up the absorber layer via a 10-step LbL process, and an EDT/ACN ligand
exchange to build up the HTL via a 2-step LbL process. Each step involves a few seconds of
MeOH (absorber layer) or ACN (HTL) rinse to remove the unbound OA and excess TBAI or EDT
ligands, respectively. The authors posited that replacing the MeOH rinses with ACN for the
absorber layer build-up would reduce surface traps and morphological damage to the films (Figure
15d).222 Doing so also allowed for reducing the number of steps in the LbL build-up with an
impressive PCE of 10.6% achieved with as little as 2 LbL steps for the absorber layer, significantly
curbing materials wastage. The strict requirement of a protic carrier solvent (MeOH) for enabling
the TBAI-exchange with OA-PbS QDs has,!# thus far, stymied any attempts at deploying an
aprotic solvent (ACN) for this exchange, nonetheless, being able to do so successfully should, in

principle, further reduce the surface trap density and boost the performance. This anticipation
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stems from the fact that the TBAI/MeOH soak during the absorber layer build-up takes ~30s

allowing ample time for MeOH to interact and undesirably modify the QD surface.1’%22
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48 Figure 15. (a) Quantifying interaction of QD surface with MeOH and ACN using QCM in terms
49 of OA ligand removal. Reprinted with permission from ref. 8. Copyright 2014 Wiley (b) Near-
50 Fermi level density of states of the QD absorbers soaked for a long time in MeOH and ACN. Band
51 tails are observed for the MeOH treated absorber. Reprinted with permission from ref. 8.
52 Copyright 2014 Wiley (c) Schematic depicting the halide leaching effect of MeOH from the QD
surface. Reprinted with permission from ref. 81, Copyright 2014 Wiley (d) ‘Solvent-curing’ of the
n-i-p devices using ACN as the rinsing solvent. Reprinted with permission from ref. 221, Copyright
56 2018 Wiley (e) Blade-coating of QD absorbers. (f) J-V curve (red) of a fully-bladed QD solar cell
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that uses SolEx for both the absorber and the HTL. Also included is the J-V curve for the
corresponding device made by SSE (black). Reprinted with permission from ref. 222 Copyright
2018 The Royal Society of Chemistry.

Meniscus-guided scalable coating

Despite highlighting the underlying link between surface trap mitigation and process scalability,
the above studies have relied on spin-coating. In 2018, scalable fabrication of PbS QD solar cells
with >10% PCEs was reported using blade-coating, a meniscus-guided coating technique. Blade-
coating is a low-cost, roll-to-roll compatible solution printing technique and is an established
prototyping technique for the industrially-compatible slot-die coating (Figure 15€). SolEx PbX-
PbS QD absorber and EDT-PbS QD HTL were blade-coated in a single step at industrially
compatible coating speeds of ~18 m.min! in high-RH ambient conditions.?? Importantly, these
devices required ~25 times less QD material compared to the best spin-coated QD solar cell to
date.'% This report also included demonstration of a 1.1 cm? active area device with >9% PCE,
highlighting the large-area compatibility of QD PV. These high coating speeds enabled by blade-
coating are directly compatible with industrial requirements of roll-to-roll fabrication.??* Around
the same time, Agoma et al. reported a blade-coated QD solar cell with 10% PCE where both the
absorber and HTL employed SolEx.??® This design had the advantage of completely avoiding SSE

that the EDT-PbS QD HTL requires (Figure 15f).

Scalable fabrication of PbS QD solids and devices needs to be next demonstrated using slot-die
coating, which is an industrially compatible coating technique with large-area, high-throughput
and continuous manufacturing capabilities. A recent in situ X-ray scattering study exploring
fundamental aspects of OA-PbS QD self-assembly during slot-die coating are therefore a welcome
advance.?®® It is also crucial to realize that ready-to-coat SOlEx HTLs merit focused research

attention, as do other device layers, including the ETL and conducting electrodes. However, the
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latter two are less specific to QD PV and benefit from material and technology transfer from other

areas of thin film PV. An alternate HTL can be the utilization of polymeric HTLs that do not rely
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on a post-treatment. In this regard, the demonstration of ~12% PCE PbS QD solar cells using
10 organic m-conjugated polymer based HTLs deposited in a single-step atop the SolEx PbS QD

H ici 223, 226-228
13 absorber is a promising step.

16 Majority of the reports on CsPbX3 QD solar cells have relied on spin-coating. This is expected
18 since these QDs employ SSE which is moreso compatible with spin-coating or dip-coating, and
20 no SolEx recipe is yet available. Attention should therefore be given to enabling exchange in
solution-phase, which should allow for single-step deposition of the QD inks via sheet-to-sheet

25 and roll-to-roll compatible coating techniques.

28 Ambient air coating of QD solids

30 Majority of the high-performing QD solar cells reported so far have been fabricated in low-RH
controlled environments using spin-coating.??® Although efficient at the laboratory-scale for
35 demonstration of proof-of-concepts, this fabrication route is unscalable due to the involved
37 materials wastage and large costs involved due to moisture control. There have been encouraging
39 developments with demonstration of ambient-fabricated devices using blade-coating, although
PCEs have remained low.1%* 229231 There have also been demonstrations of spray-coated QD solar
44 cells, though, LbL spray-coating consumed ~3 times more QD material (g.m?) compared to LbL
46 spin-coating, as discussed above.? 232 In general, ambient processing and fabrication of QD solids
are expected to face hurdles given the possibility of QD surface interaction with ambient moisture
51 and oxygen. To test this proposition, SolEx and subsequent n-i-p solar cell fabrication were
53 recently carried out in a highly humid ambient environment (RH >60%).22 The as-prepared devices

performed poorly, with an average of 4.5% PCE.?? These devices were also highly unstable in
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ambient and lost ~85% of the initial PCEs after 1-month of storage. A detailed atomic analysis of
the various layers in the stack gave us evidence that the EDT-PbS QD HTL was, in fact, the
manufacturability bottleneck. EDT-PbS QDs have an affinity to partially oxidize forming (SO4)*
and (SOs)? surface species, which scales with QD size.8% 23 In the process, some of the bound
EDT ligands are lost. This oxidation results in a slight shift of the Er closer to the VBM (p-
doping).?? In a high-RH ambient, however, moisture attacks the surface of these QDs, blocking
ingress of oxygen and leading to an unoptimally p-doped HTL. As-prepared devices, therefore,
behave poorly due to charge extraction issues arising from an unfavorable ‘spike’ at the
absorber:HTL interfacial band structure. It was found that storing these devices in an oxygen-rich
dry-air environment for a few hours led to a significant PCE boost, largely stemming from
increases in Voc and FF. These efforts helped realize QD solar cells with >10% PCE (best-
performing device = 11.0% PCE) processed and fabricated under high-RH ambient environment,
on relatively twice the active areas (0.1 cm?) compared to what are usually reported. In fact, a
slight improvement in PCEs has been observed earlier upon ambient air storage of the fully-

prepared devices.1’0 182

Non-toxic QDs through green chemistry
A green approach to QD PV would ideally involve green QDs, chemistry and solvents —
components that are non-toxic, require small amounts of energy to manufacture, and have limited

carbon footprint.

There is growing epidemiological evidence that Pb can possibly cause cancer and other health-
related issues by inducing DNA and genetic damage both in humans and animals.?3* International
Agency on Research on Cancer (IARC) Monographs on the Evaluation of Carcinogenic Risks to

Humans (Vol 87, 2006) classified inorganic Pb compounds under Group 2B (‘probably
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carcinogenic to humans’). Impact of organic Pb compounds on health is inconclusive. This

necessitates search for Pb-free QD systems that can be transformed into an efficient and health-

oNOYTULT D WN =

friendly PV technology. It is important to note that PbS is not deliquescent due to the strong Pb-S
10 bond. Inorganic perovskite QDs, however, currently rely on Pb as the B-site metal cation,
highlighting the need for a non-toxic alternative. The demonstration of a 6.3% PCE solar cell based
15 on AgBiS, QDs as the absorber is an important step in the right direction.}”® This impressive
17 performance was achieved with only a 35 nm thick absorber layer, which highlights the room for

improvement of these materials as light harvesting QDs for PV applications.

A recent demonstration of on-device Pb-sequestration in high-performing bulk perovskite solar
25 cells holds significant promise with regard to Pb toxicity.”® The solar cell was coated with an
27 optically transparent, Pb-absorbing, organic film that effectively sequestered ~96% Pb when the
29 damaged (intentionally shattered) device was soaked in water, remarkably containing Pb leakage
to the environment. Similar studies are required to demonstrate robustness and safety with PbS

34 and CsPblz QD solar cells.

37 Similarly, it is crucial to explore alternatives to the currently-used toxic precursors and solvents
39 for the synthesis of QDs and device fabrication. Synthesis of PbS QDs requires bis(trimethylsilyl)
sulfide as a precursor which is considered toxic. To the best of our knowledge, all of the reports
44 on SolEx PbS QDs have used DMF as the polar solvent during the exchange step. DMF is readily
46 absorbed through the skin and can potentially cause damage to the liver. BTA, a toxic and highly
flammable solvent, is commonly used to solubilize SolEx PbS QDs. QD solids spin- and blade-
51 coated out of BTA result in highly-quality, smooth and shiny films and high-performing solar
53 cells, given the low boiling point of the solvent and its adequate viscosity.?> % 1% In fact, prior

55 attempts at using DMSO as the solvent for SolEx PbS QDs were less successful due to its high
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boiling point hurting film quality and device performance.!%® Further studies should therefore be
targeted toward exploring the considerable green solvent space which other semiconductors, such

as organic polymers and bulk hybrid perovskites,?>2%" have started exploiting.

Compared to the case of SolEx, PbS QD solar cells fabricated using SSE currently present a
greener route as the exchange process requires the relatively greener solvent, MeQOH.238-2%
Although ACN, a toxic solvent, has also been used in n-p architecture devices and is the standard
solvent for delivering EDT ligands for HTL fabrication in n-i-p solar cells,8%-1% the overall amount

of the solvent needed is significantly low, alleviating the risk to an extent.

In terms of green solvents, CsPblz QDs appear to have a significant advantage over PbS QDs.
Most of the solvents required for synthesis of these QDs and fabrication of solar cells are

considerably less toxic (methyl acetate, octadecene, hexane).

With the chemistry and physics of Pb-based QDs understood at a fundamental level, PCE soon
to surpass 20%, and industry-compatible manufacturing being demonstrated, it will soon be time
to look for and translate this rich understanding to efficient non-toxic, Earth-abundant, greener
alternatives so that low-cost QD optoelectronics becomes a reality to meet the projected spiraling

energy demand of society this century.

Perspectives on next-generation advanced manufacturing of QD PV

Next-generation QD PV manufacturing would require advances on both accelerated R&D as
well as integration of upstream QD ink synthesis and downstream roll-to-roll module fabrication.
The recent advancements in autonomous i) QD development and surface engineering and ii) thin-
film coating, shown in Figure 16 can revolutionize the current paradigm of QD PV development.

We briefly discuss below the state-of-the-art on these fronts and suggest future guidelines.

64
ACS Paragon Plus Environment

The published version of the article is available from the relevant publisher.

Page 64 of 91

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.



Page 65 of 91 ACS Energy Letters

1
2
3 (a) ) ((b) Global flow direction of more polar phase )
: e s Dagg o Pnaene
° b o e
: T 89,
2 mo-‘( l-..+ +wvg _{ il L Global flow direction of less polar phase. Less polar nle )
0 & , -4.. ) (©) > T Fomamide | Tolwens
3 Q TergT
12
13 In Situ (Nano)Material
14 fomuotonviocuie mall voive [ caccerio e e
15 L odule Wavelength (nm) )
- 8y st sen et il [ |
18 il .
19 R/ || 2
20 I = . S 1

e # = e
22 - g 100 R 2
23 hFIuic_l Substrate > pE g / . / A T
24 andlmgﬂwdasp,mm, handling : 3 e 5 \ e oo \",i
25 e - S ) /
26 = B _vecuumtine %™ ol Nk o —asl £ 24 Min
27 oo SRR - T O T
28 \ i |
29
30
31 Figure 16. (a) Schematic of the recently developed ‘artificial chemist” platform for autonomous
32 synthesis of colloidal QDs. Reprinted with permission from ref. 51, copyright 2020 Wiley (b)
gi Microfluidic purification, reprinted with permission from ref. 240, copyright 2017 The Royal
35 Society of Chemistry, and (c) surface engineering of QDs, reprinted with permission from ref. 24,
36 copyright 2017 Wiley (d) Schematic of a self-driving robotic platform for accelerated studies of
37 thin film coating. Reprinted with permission from ref. 242 (e) Rapid identification of the desired
38 processing conditions using the self-driving robotic platform shown in panel (d). Datapoints
39 correspond to the experimental conditions (annealing time and dopant ratio) sampled by the
40 algorithm during the experimental run for optimizing hole mobility of an organic semiconductor.
2; The algorithm-driven robot makes a fast transition from the local to the global maximum in hole
43 mobility, without the need to study the full parameter space cutting down the time and materials
44 required. Reprinted with permission from ref. 242
22 Continuous manufacturing of QD inks
47
48 As discussed previously in section 2.2, microfluidic synthesis of QDs integrated with in situ
49
g? diagnostic probes can enable low-cost, highly efficient manufacturing of QDs with desired
g; optoelectronic properties for downstream applications in PV devices. To achieve a true end-to-end
?Z—‘ continuous manufacturing scheme of QDs utilizing modular process units, new technological
56
57
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advancements beyond continuous precursor formulation and flow synthesis modules (Figure 16a)
are needed. Specifically, robust continuous purification and surface engineering of QDs will be a
crucial requirement within an end-to-end QD manufacturing platform to achieve high-quality
purification of as-synthesized QDs as well as application-guided surface engineering of the
purified QDs. Automated QD purification strategies utilizing liquid-liquid extraction (Figure 16b)
or column-based separation approaches have been demonstrated to be promising techniques for
facile integration with flow synthesis.?** 243 In addition to the formulation, synthesis, purification,
and surface engineering modules (Figure 16c), advanced process controllers connected to live-
streamed in situ diagnostic probes are needed to ensure high-quality manufacturing of QDs with

the desired figure of merits for the downstream processing.

Data-driven optimization of QD synthesis

In a recent study, Li et al. developed an automated microfluidic platform for rapid screening of
the effect of surface ligand structure on the optical properties of CsPbBrs QDs utilizing in situ PL
monitoring.?** Expedited parameter screening using automation can be beneficial to the industry
for rapid, data-driven optimization of the final product without the need for laborious
experimentation, driving down labor and materials costs.*® Bezinge et al. demonstrated targeted
synthesis of multinary perovskite nanocrystals using a droplet-based microfluidic reactor informed
by a self-optimizing algorithm.?*® It was demonstrated that utilizing the self-optimizing
microfluidic platform, multinary perovskite nanocrystals could be synthesized on-demand for a
pre-defined peak emission wavelength. The system was further demonstrated to make intelligent
predictions about certain spectral properties of the nanocrystals.?*® Recently, Epps et al. developed
a self-driving modular flow reactor, called Artificial Chemist, for simultaneous hands-free

optimization of PLQY and FWHM of metal halide perovskite QDs at any desired peak emission
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energy (Figure 16a).5! Utilizing an artificial intelligence-based decision-making strategy combined

with prior information from in-house generated QD synthesis data, the artificial chemist was able

oNOYTULT D WN =

to synthesize optimal (i.e., maximum PLQY with minimum FWHM) metal halide perovskite QDs
10 for any emission color in less than 15 min. Furthermore, the authors demonstrated an autonomous
reconfigurability of the artificial chemist from the accelerated R&D mode to continuous QD
15 manufacturing mode for scaled-up production of the in-flow optimized QDs. There has also been
17 recent progress on improving size dispersity in PbS QDs guided by machine learning algorithms.
Voznyy et al. developed a model using Bayesian neural networks to optimize PbS QD synthesis.?*
22 The model led to key insights into the role of OLA in controlling size dispersity enabling synthesis
24 of wide bandgap (~2 eV) PbS QDs with a half-width at half-maximum (HWHM) of 145 meV, and
26 smaller bandgaps (~0.83 eV) with HWHM of only 24 meV.2%6 Several higher energy transitions
29 were readily observed in the absorption spectra, an indication of improved size dispersity. Wide
31 bandgap QDs are exciting for hybrid tandem PV applications to reduce spectral overlap between
33 subcells, however, Voc-losses typically increase for larger bandgaps likely due to increased
polydispersity.2% Therefore, demonstration of ~2 eV PbS QDs with low FWHM is an encouraging

38 development.

41 Manufacturing throughput is another important factor that needs to be considered when
43 developing end-to-end QD manufacturing platforms. The key factors controlling manufacturing
throughput are the QD formation kinetics, reaction yield, microfluidic reactor geometry, and
48 maximum initial precursor concentrations without causing fouling and reactor clogging. For
50 example, the fast formation kinetics of fully inorganic lead halide perovskite QDs>® can be
52 leveraged to achieve manufacturing throughputs up to 0.1 kg/day QD solids in a single-channel

microfluidic reactor. The manufacturing throughput can be further increased by utilizing parallel
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microfluidic reactors (i.e., scaling-out) connected to the same source of precursors and operated

through a fluidic distribution module.*+*°

End-to-end manufacturing of QD PV

Finally, we believe that automation has a substantial role to play in industrial adoption of QD
PV. Smart fabrication of QD PV appears increasingly likely in the near term given the focused
attention on using machine-learning-guided automation to optimize QD synthesis by several
research groups, as discussed above, as well as renewed focus on downstream processing such as

machine-learning-guided coating of thin films.?%?

Considering the above-mentioned developments in continuous manufacturing and processing of
colloidal QDs, a fully automated manufacturing scheme can be envisioned for end-to-end
manufacturing of QD PV modules with high-quality QDs and minimum batch-to-batch variation.
In this proposed design based on recent advancements noted in Figure 16, a modular flow reactor
integrated with in situ diagnostic probe will continuously manufacture QDs with bespoke
properties (composition, size, ligands, concentration, throughput) at an industrially-relevant
throughput (10-50 kg/day). The modular microfluidic QD manufacturing platform will include
continuous in-series precursor formulation, flow reactor, purification, and surface engineering
modules. The continuously manufactured optimized colloidal QD ink will then be automatically
transferred to the downstream roll-to-roll device fabrication module for large-scale fabrication of

QD PV cells.

Assuming that (i) the coating speed of 1080 m.hr! we recently demonstrated for small-area PbS
QD solar cells are scalable to a 1 m-wide continuous roll-to-roll manufacturing line, and (ii) under
optimized absorber thickness conditions 1 g of QDs is required to coat 1 m? of the roll, we estimate

a daily QD requirement of ~26 kg. As discussed above, this requirement can be met using scaled-
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out microfluidic reactors. These coating speeds correspond to a total annual coated area of 9.5

million m?. Considering a stabilized module PCE of 15%, we project >1.4 GW of annual electrical

oNOYTULT D WN =

power production capacity for each of these distributed QD PV manufacturing sites.

11 It has been recently suggested that synthesis costs dictate the overall $/W for QD PV and the
current standards for QD ink synthesis have been projected to fail in enabling feasible production
16 costs of 0.20 $/W, making this technology currently less viable for industrial scale-up.*® The QD
18 synthesis throughput considered in the study in question, after surveying the available synthesis
20 protocols, are in the range of 12 g for CsPbls QDs and 250 g for PbS QDs. The results suggest that
improving the synthesis throughput can potentially drive down $/W by reducing materials required
25 and labor costs.*® Solvent recycling can also likely reduce the production costs. We believe the
27 future directions we have pointed out above are key to improving economic feasibility of this
promising technology. The currently achievable manufacturing throughput for perovskite QDs
32 with a low-cost single-channel microfluidic reactor is ~ 100 g/day, which is clearly aligned with
34 industrial adoption and can be easily scaled-up to 1-10 kg/day using a numbered-up strategy.** 5¢-
58,61 \We suggest that life-cycle assessment and techno-economic feasibility analysis of QD PV
39 considering high throughput and large-scale module performance should be conducted as a future

41 work to access viability.

44 Conclusions and Outlook

47 QD PV is one of the fastest growing fields in thin-film optoelectronics and offers benefits beyond
49 the reach of contemporary PV technologies. PCEs have risen sharply to >16% in 2020 after recent
breakthroughs in perovskite QDs. We have chronicled the development of this PV technology over
54 the recent years with detailed discussion on the various chemical passivation schemes and device

56 designs that have combinedly played a central role in its rapid ascent. Solution-phase ligand

58 69

60 ACS Paragon Plus Environment
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

The published version of the article is available from the relevant publisher.


https://strategy.44
https://costs.46
https://scale-up.46

oNOYTULT D WN =

ACS Energy Letters

exchange and the n-i-p device architecture have been the major milestones in the young history of
this nascent field. Scalable fabrication and ambient manufacturability of efficient QD solar cells,
along with demonstrations of machine learning-guided automated flow reactor synthesis of QDs
with high throughput are important recent demonstrations that highlight their potential for market

entry in the short term.

We have suggested a few key areas that should be focus of research going forward to push the
PCEs above 20%. This includes improving extraction of photogenerated charge carriers (FF), and
suppressing size polydispersity that can potentially enhance Voc and charge transport in PbS QDs.
Hybrid tandem solar cell designs are suggested as the fastest route to >20% PCE, although single
junction devices should be considerably simpler and cheaper to produce. Focus on efficient
recombination layers and solvent compatibility between organic and QD subcells should lead to
major advances. To this end, both wide bandgap and NIR QDs appear promising, as front and rear
subcells, respectively. Most of the chemical approaches so far have been developed for visible-to-
NIR QDs with 1.3 eV bandgap. Future research should explore developing efficient ligand
exchange, improving charge transport and extraction, and suppressing size dispersity in wide
bandgap (~ 1.5 -2 eV) and NIR (~ 0.6 — 0.8 eV) PbS QDs to meet the demand and promise of

hybrid tandem PV.

There has been considerably less attention on non-toxic alternatives to QD PV. With growing
evidence of health-related issues associated with inorganic Pb salts, this topic should see increased
research activity. In this regard, AgBiS2 QD solar cells have been a promising development.
Similarly, it is important to screen the various precursors and solvents used for QD synthesis for
toxicity and cost. Greener and sustainable alternatives will help in scale-up of this technology and

drive down the materials cost involved. Of great importance is the search for an on-device Pb
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sequestration technology that suppresses Pb leach-off upon damage to QD PV module without

compromising device performance. A similar demonstration for bulk perovskite solar cells is a

oNOYTULT D WN =

highly encouraging step in this direction, and suggests that the present unavailability of a robust
10 Pb-free QD PV should not be an impediment to industrial scale-up provided this demonstration of

Pb-sequestration is transferable to QD solar cells.

Overall, these demonstrations of ambient manufacturability and scalable fabrication of QD
18 PV,2% 223 glong with recent interest in automated and autonomous flow-synthesis of QDs on
20 demand,>® are promising signs for this nascent field.?*” Combinedly, these latest developments can
bring down the materials and labor costs involved which have been projected as the main
25 contributors to the total manufacturing cost for QD PV modules,*® smoothing their journey to the

27 manufacturing line and enabling annual gigawatt power production.
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QUOTES

1). “The solution-phase ligand exchange or SolEx yields an exchanged, ready-to-coat QD ink that

helps realize single-step deposited active layers, moving away from the time- and materials-

wasting LbL process.”

2). “Considering a stabilized module PCE of 15%, we project >1.4 GW of annual electrical power

production capacity for each of these distributed QD PV manufacturing sites.”
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3). “The currently achievable manufacturing throughput for perovskite QDs with a low-cost

single-channel microfluidic reactor is ~ 100 g/day, which is clearly aligned with industrial

oNOYTULT D WN =

adoption and can be easily scaled-up to 1-10 kg/day using a numbered-up strategy. ”

1 4). “Future research should explore developing efficient ligand exchange, improving charge
transport and extraction, and suppressing size dispersity in wide bandgap (~ 1.5 — 2 eV) and

16 NIR (~ 0.6 — 0.8 eV) PbS QDs to meet the demand and promise of hybrid tandem PV.”

19 5). “Overall, these demonstrations of ambient manufacturability and scalable fabrication of QD
21 PV along with recent interest in automated and autonomous flow-synthesis of QDs on demand,

are promising signs for this nascent field.”
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