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Abstract 

Colloidally grown nanosized semiconductors yield extremely high-quality optoelectronic 

materials. Many examples have pointed to near perfect photoluminescence quantum yields, 

meaning non-radiative optical processes (losses) can be completely suppressed allowing for 

technology-leading materials as high purity color centers in display technology and emitters 

in LEDs. Furthermore, because of high chemical yield, and improved understanding of the 

surfaces, these materials, particularly colloidal quantum dots (QDs) can also be ideal 

candidates for other optoelectronic applications. Given the strong drive toward carbon 

neutrality and limiting climate change, electricity from solar photovoltaics will play a large 

role in the power generation sector. QDs have been developed and shown dramatic 

improvements over the past 15 years as photoactive materials in photovoltaics and have 

unique potential with various innovative deposition properties which could lead to 

exceptionally low-cost and high-performance devices. Once the key issues related to charge 

transport in optically thick arrays are addressed, QD-based photovoltaic technology could 

become a better candidate for practical application. In this article, we show how the 

possibilities of different deposition techniques could bring QD-based solar cells to the 

industrial level and discuss the challenges for perovskite QD solar cells in particular, to achieve 

large-area fabrication for further advancing technology to solve pivotal energy and 

environmental issues. 

1. Introduction

Maturing any proof-of-concept technology from laboratory to commercial scale 

manufacturing is not an easy task. Processes developed for lab-scale demonstration can be 

specifically optimized at small size and are often not applicable as the product is scaled. In 

photovoltaic (PV) research and industry, large-area fabrication without compromising the 

power conversion efficiency (PCE) always comes with new and unexpected challenges even 
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for well-studied and well-optimized laboratory-scale PV technologies. For instance, non-

concentrated monocrystalline silicon solar cells have reached a record 26.1% PCE,[1] but the 

efficiencies of most recent commercial panels are typically only up to about 22% (e.g., 

SunPower’s Maxeon 3 panels: 22.8%, LG’s Neon R: 22%, Panasonic’s EverVolt: 21.7%).[2] Apart 

from the technical challenges, cost is the main driving factor for industry when it comes to 

production of modules or panels by scaling up laboratory-scale research cells. Low-cost PV 

technologies with performance comparable to existing industrial PV technologies may help in 

achieving the desired cost target, and perovskite solar cell (PSC) technology is the most 

suitable candidate in the current scenario.[3] The last decade saw a monumental rise in PSC 

technology. The perovskite absorber naturally possesses most of the desired properties for 

highly efficient solar cells, such as long carrier diffusion length, high carrier mobility, high light 

absorption coefficient and excellent defect-tolerance.[4] Both in terms of laboratory-scale 

research cells and large-area panels, PSCs have seen steep rise in PCE, reaching 25.8% for 

2 [2] research cells,[1] and 17.9% for large-area modules with size of 802 cm . Further, PSC 

processing is relatively simple and inexpensive, raising the hopes that PSCs will lead to wide-

spread deployment of solar power. Based on the recent technoeconomic analysis by Heben 

et al., the direct manufacturing cost of a 16% efficient perovskite PV module is $31.7 per m2 

with a minimum sustainable price of $0.41 per Wp (watt per peak), which makes PSC a low-

cost leader in PVs.[5] And with GCL New Energy launching a 100 MW-capacity production line 

for 18%-efficiency PSC modules with a 70% lower production cost than that of the crystalline-

Si,[6] and Saule Technologies recently in May 2021 launching a commercial production line for 

PSCs in Wroclaw, Poland,[7] PSC PV technology has taken a big leap towards 

commercialization. 

Colloidal quantum dots (CQDs), particularly the metal chalcogenides (e.g., CdSe) have 

already stormed into the display market with substantial commercial success due to their 

exceptional brightness, color purity and color gamut. Examples are quantum dot-based LED 

TVs manufactured and marketed by leading companies like Samsung and Philips. In the area 

of PV technologies, quantum dot solar cells (QDSCs) have attracted attention as low-cost 

solution processable alternative much before the invent and rise of bulk lead halide 

perovskites.[8] With continued development, QDSCs have reached 18.1% efficiency in 2021.[1] 

Before 2015, the CQD PV technology was dominated by the lead chalcogenide family (PbS and 
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PbSe). Immediately after the hot-injection synthesis of colloidal lead halide perovskite QDs 

(PQDs) was reported,[9] PQDs became the dominant absorber material in QDSCs. PQDs 

combine many of the characteristics of traditional metal chalcogenide CQDs, such as quantum 

confinement and passivation of surfaces by ligands, with the exceptional PV properties of bulk 

lead halide perovskite semiconductors. Compared to bulk/thin film-based PSCs that are 

mostly processed from hazardous DMSO and DMF,[10] QDSCs offer a unique advantage: they 

are compatible with and processed using greener solvents (e.g., hexane, octane, toluene, 

etc.). Low-cost solution-state processing, (in particular, the availability of various simple 

deposition techniques such as spray coating and doctor blading that are feasible to use in roll-

to-roll processing) is one of the most attractive attributes of PSCs and QDSCs as an alternative 

to silicon PV. In addition, the compatibility of CQDs with greener solvents is somewhat 

advantageous over bulk perovskites when large-scale industrial fabrication is considered. 

Even with such desirable advantages, it may be exaggerated to think or claim at this moment 

that CQD-based PV technology will immediately replace the well-established Si PV technology 

or the emerging PSC technology until they match in terms of PCE of large area modules or 

panels. But this is not unreasonable to envision such a scenario given CQDs’ commercial 

success in display and lighting technologies. In the field of solar energy utilization, 

luminescence solar concentrators (LSCs) using CQDs offer promising alternative 

applications.[11] Such LSCs can be integrated with Si-solar cells in tandem, even for large-area 

applications like glass windows.[12] Prototype solar windows developed by QD manufacturing 

start-up UbiQD Inc. are being durability tested at NREL for future wide-spread applications in 

smart-building industries.[13] More recently, the same start-up company has taken the CQDs 

into new applications by designing QD-enabled greenhouse films, which they term as 

“UbiGro”.[14] Funded by NASA for potential space applications, UbiQD in collaboration with 

NanoSys is already marketing these films, as well as luminescent lanterns for optimizing 

sunlight in greenhouses.[15] Such industrial scale progress of CQD based technologies support 

novel commercialization of QD PV technologies. Moreover, the ability to achieve any band 

gap in the electromagnetic spectrum by size and/or composition tuning, along with the ability 

to form heterojunction architectures,[16] the CQDs are ideal either for top cell or bottom cell 

for tandem solar cells of different configurations like QD–QD tandem, QD–PSC tandem, 

Organic dye–QD tandem.[17] CQDs can offer suitable solutions to a few bottlenecks currently 
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suffered by tandem solar cells involving thin-film halide perovskites. The Si–perovskite and 

perovskite–perovskite tandem solar cells utilize wide-bandgap perovskite absorbers of 

appropriate bandgaps (~1.66–1.77 eV) as the top-cell, and these wide-bandgap perovskite 

compositions contain mixed halides (bromide and iodide) as the X-site anions. But mixed 

halide perovskites are known to undergo photoinduced halide phase segregation that 

typically leads to voltage loss. Colloidal PQDs can achieve such bandgaps suitable for tandem 

top-cell without necessarily having mixed halides,[18] thus making them suitable candidates 

for such applications. Further, in the perovskite–perovskite tandem solar cell architecture, 

the bottom cell necessarily contains Sn-based perovskite compositions as narrow band-gap 

absorber. The Sn-based perovskites typically have lower absorption cross-sections as 

compared to pure Pb-based perovskites, thus demanding a thickness higher than 1 µm for 

attaining a higher current density or quantum efficiency.[19] This is not trivial for thin film 

perovskites, as crystallizing large enough grains from molecular precursors requires extensive 

optimization. Colloidal PQDs here may become advantageous, as any thickness of CQD solid 

films can be achieved by layer-by-layer (LBL) deposition. Although there is no report so far for 

Si–QD tandem architecture similar to Oxford PV’s PSC–Si tandem cells, there is no 

fundamental reason why such possibility cannot exist. So overall, with all these positive 

developments, it is realistic to project CQD-based PV technology for commercial applications. 

If we compare the fabrication process of QDSCs and thin film PSCs, all the layers are 

deposited in a similar manner except the main absorber layer. In thin film PSCs, the perovskite 

absorber layer is typically deposited from polar solvents like DMF and/or DMSO followed by 

an antisolvent (e.g., toluene) treatment and subsequent annealing that converts the 

molecular precursors into perovskite crystals. The quality of the absorber layer and the overall 

efficiency of the PSCs strongly depend on the crystallization dynamics, and therefore the 

deposition parameters are very crucial. On the other hand, in QDSCs, the quantum dot 

absorber layer is typically deposited from a non-polar solvent like octane or hexane in a LBL 

approach accompanied by intermediate solid-state ligand exchange, or using a one-step 

deposition method where ligand exchange is done in solution prior to deposition.[20] Since the 

absorber material is already in crystalline form in the CQD ink, the quality of the absorber 

layer and PV performances of the QDSCs depend on the surface chemistry of QDs and 

effective inter-dot coupling. Once the PCE of halide perovskite-based QDSCs matches that of 
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thin film-based PSCs (~25%), the above-mentioned advantages of QDSCs could make a 

significant difference in the field of solution processable PV technology. Moving towards that 

goal, the open circuit voltage (Voc) of the QDSCs is already comparable, often demonstrating 

less loss compared to the thin film-based PSCs,[18,21] and the main parameter that needs 

significant improvement is the current density (Jsc). Different deposition techniques for 

QDSCs, particularly those relevant for large-area fabrication, and ligand exchange steps, are 

expected to affect the current density. 

One of the most crucial components of QDSC fabrication is CQD processing by surface 

chemistry manipulation, that is replacement of insulating long-chain organic ligands with 

atomic/inorganic/small organic molecular ligands. This step strictly dictates the QD electronic 

coupling and surface trap density, film uniformity, roughness and compactness.[22] This ligand 

replacement is generally done either in solution phase or by “solid state” ligand exchange. In 

solution phase ligand exchange, the long-chain organic ligand capped CQDs are treated with 

a solution containing the small ligands. The final ink generated by this approach is used for a 

one-step deposition process for QDSCs. In case of solid-state ligand exchange, the long-chain 

organic ligand capped CQDs are first deposited on the substrate, and then treated with the 

solution containing the small ligands to replace the native ligands on the CQD surface. 

Repetition of this process several times results in the desired thickness of the final absorber 

layer in the QDSCs. For the one-step deposition, the whole procedure is relatively easy since 

the ligand exchange is not involved in the deposition process and the resulting film thickness 

is mainly determined by the concentration of the QDs in the colloidal solution. On the other 

hand, the LBL method enables the modifications of QD surfaces via treatment between each 

QD layer, creating the opportunity to boost the quality of QD films during the deposition 

process.[23] The complete CQD LBL deposition technique can be described in three general 

steps as depicted schematically in Figure 1: (1) The as-synthesized CQDs with long-chain 

organic ligands are purified multiple times and then dispersed in a suitable non-polar solvent 

in the desired concentration, which is then deposited on a pre-cleaned substrate of choice 

(Figure 1a), forming a wet QD film (Figure 1b). (2) The solvent in the QD film dries and a solid 

QD film is formed where the individual QDs are separated by the organic capping ligands 

(Figure 1c). Such QD solid films are not ideal for charge transport as there is minimal carrier 

wave function overlap due to the wide-spacing of the QDs. (3) To overcome the carrier 
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transport issue and produce a strong electronically coupled QD film, the long-chain ligands 

are replaced with short ligands (Figure 1d) and rinsed off from the QD films using a nonsolvent 

that does not disperse or dissolve the QDs. A neat and compact solid QD film with short 

ligands covering the surface is achieved once the nonsolvent evaporates (Figure 1e). It should 

be noted that the chemistry involved in deposition mainly depends on the compositions of 

QDs and the applied ligands. Once the ligand exchange is complete the QDs in the film are no 

longer soluble in the deposition solvent and the entire procedure can be repeated as desired 

to yield a target thickness of QD films. It is also worth mentioning here that such thickness 

control of the absorber layer that can easily be achieved in QDSCs using LBL method, 

particularly forming a thick (over one micron) layer with smooth morphology is challenging in 

case of thin-film based PSCs. 

Figure 1. a-e) Schematic representation of QD depositing procedure including: substrate 

cleaning (a), deposition of QD layer to form a wet layer (b), solvent drying to form a dry QD 

layer where each QD is separated by long-chain organic ligands (c), treatment with a solution 

containing short ligands (d), solvent drying to form a compact QD film where each QD is 

electronically coupled through short ligands (e). 
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This LBL deposition method involving solid-state ligand exchange, however, disrupts 

the physical and chemical integrity of the CQD film in a number of ways: (i) Increased exposure 

time to atmosphere leads to oxidation of the QDs, resulting in non-radiative charge-carrier 

recombination on QD surface and can cause decomposition or phase change of QDs.[24] (ii) 

Solid-state ligand exchange procedure may degrade or reduce surface, which can also 

generate an increased surface trap density.[25] (iii) The replacement of long-chain ligands using 

much shorter ligands breaks the long-range ordered assembly in the initial QD films resulting 

in variation of dot-to-dot spacing. Since carrier transport takes place along the most efficient 

and shortest path, nonuniform interdot spacing causes a nonuniform transport that could 

affect the photogenerated carrier mobility and lifetime in PVs.[26] (iv) The film volume 

decreases after long organic molecules on the QDs are exchanged with short ligands, which 

dramatically increases the roughness and discontinuity of the prepared film resulting in a 

reduced film density, low absorption per unit length and potential electrical shorts.[26,27] 

Moreover, the LBL process is not ideal for achieving optimal absorber layer thickness since 

this process wastes large volumes of solvents and energy, increasing the fabrication costs.[28] 

Multiple deposition steps are expected to generate a huge amount of toxic hazardous waste 

because the typical QD inks currently being used in QDSCs contain heavy metals, which 

hinders the industrialization of QDSCs. Numerous efforts over recent years have been made 

to overcome these challenges and fulfill the goal of depositing a QD film with high 

compactness, passivated recombination centers and enhanced carrier mobility.[23c,29] In this 

review, we highlight the history and background of different CQD deposition techniques 

which are either already being used or have potential in QDSCs fabrication. We will also 

discuss some recent advances in these deposition techniques and each of their pros and cons 

with a focus on potential for large-area fabrication. We will finally address the unique 

advantages and challenges when it comes to the emerging perovskite QDSCs in particular. 

2. CQD Deposition Techniques 

CQDs can be utilized to fabricate a variety of solar cells with different architectures, 

such as Schottky junction,[8d,30] heterojunction,[23b,24a,31] quantum junction or nano-

heterojunction,[16,32] quantum funnels[33] and tandem solar cells.[17a,17d,34] Although the overall 

charge transport mechanism is distinctly different when employing different device 

architectures, the requirement of a highly compact and uniform QD absorber layer with 

This article is protected by copyright. All rights reserved. 

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.



 

 

 
   

 

      

          

      

           

   

      

        

    

  

     

          

    

          

      

        

           

        

        

          

           

        

             

            

       

            

         

       

            

         

         

       

excellent optoelectronic properties remains universal in all types of devices, and this is mainly 

influenced by the CQD deposition methods. As discussed in the introduction, one of the major 

criteria of a high quality CQD film is proper control of the surface chemistry, since this 

facilitates charge transport and surface defect passivation. This can be achieved by replacing 

the native insulating ligands on the CQD surface without compromising the defect 

passivation. The QD surface manipulation strategies (solution phase or solid state ligand 

exchange) are common irrespective of the deposition techniques, although a variety of ligand 

types and/or interfacial layers have been reported. We will highlight such optimization 

processes during the solar cell fabrication process while discussing different deposition 

techniques. Since spin-coating is the most-widely used method for fabricating and optimizing 

any lab-scale solar cells, we will start our discussion with QDSCs fabricated using spin coating. 

2.1 Spin Coating 

The spin coating technique is one of the most common, established, and easily 

accessible wet coating methods with crucial advantages over other coating methods. The high 

spin speed and airflow employed during spin casting leads to fast drying of the solvent 

resulting in smooth and continuous QD films. Spin coating is a small-area deposition method 

with good control of operating parameters for fundamental research and lab-scale device 

fabrications. Most of the reported QDSCs are typically fabricated by spin-coating techniques 

and the latest published research cell record efficiency of 16.6% has been obtained using spin 

coating.[35] In addition to the CQD absorber layer, the electron transport and hole transport 

layers (ETL and HTL) of the QDSC are also deposited using spin coating. Spin coating consists 

of several stages: fluid dispense, spin up, stable fluid outflow, spin off, and evaporation (Figure 

2a-c). For QD deposition, the ligand-capped CQD solution must be prepared in the right 

concentration in a suitable solvent. Then, as displayed in Figure 2a-c, the CQD solution is 

dispensed onto the substrate mounted on a rotating vacuum stage, and subsequently spread 

and sheared through the centrifugal force generated by the high-speed rotation. This process 

forms a gelatinous network on the substrate surface and the subsequent drying of solvent 

solidifies the CQD gel, resulting in a solid film. The electrical properties and morphologies of 

the resultant QD film are highly sensitive to spin speed and ambient conditions like 

temperature and humidity during the spin coating process. The thickness of a QD layer, h, 

deposited by spin coating can be calculated by the following equation:[36] 
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𝜌𝐴 3𝑛𝑚 ⁄3 

ℎ = (1 − ) ( ) (1)
𝜌𝐴0 2𝜌𝐴0𝜔2 

Where ρA is the density of the volatile liquid, ρA0 is the initial density of the volatile 

liquid at the onset of spin off, n is the viscosity of the QD solution, m is the rate of evaporation, 

and ω is the angular speed of rotation. 

Figure 2. a-c) Schematic illustration of spin coating process showing the different steps 

involved. d) Schematic drawings of the cross-section of depleted bulk heterojunction PbS QD 

solar cells. e) Schematics of inverted quantum junction PbS QD solar cells with a color gradient 

indicating the charge depleted portion of the device using mercaptopropionic acid, bromide 

and iodide for the solid-state ligand exchange. f) Schematic of a prototypical PbS QD device 

structure including a SAM between the ZnO and the PbS CQD film. g) J–V curves of PbS QD 

devices with 4-aminobenzoic acid R-SAMs. Inset is the schematic drawing of the ligand 
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exchange process using tetrabutylammonium iodide. h) PQD thickness-dependent PCE for 

FABr-treated and untreated PbS QD films. i) Operating stability of FABr-treated and untreated 

PbS QD devices under continuous AM1.5G illumination. Inset is the cross-section SEM image 

of the used device structure. d) Reproduced with permission.[23b] Copyright 2011, Wiley-VCH. 

e) Reproduced with permission.[37] Copyright 2014, Nature Publishing Group. f-g) Reproduced 

with permission.[38] Copyright 2015, American Chemical Society. h-i) Reproduced with 

permission.[39] Copyright 2020, Elsevier. 

Over the past 15 years, CQD solar cells fabricated by spin coating have experienced 

significant PCE improvement through device architecture engineering,[16,17a,30,31b,33c] surface 

control[23c,40] chemistry and modifications of structured electrodes[31a,41] for efficient 

photocarrier separation and collection. McDonald et al. reported the very first infrared QDSC 

in which spin coating was employed to deposit a polymer–PbS CQD composite film.[42] 

Originally, CQDs attracted a lot of attention as sensitizers in quantum dot sensitized solar 

cells, which resemble the molecular dye sensitized solar cells.[43] Devices with solid CQD films 

as the absorber layer soon came into the limelight and device structures that resembled the 

polycrystalline semiconductor analogues became the most common QDSCs.[44] Based on LBL 

spin coating, Sargent et al. established the first solution-processed depleted bulk 

heterojunction solar cells using PbS CQDs with an optimized mesoporous TiO2 layer to 

enhance absorption without compromising electron extraction (Figure 2d), and reported a 

CQD PV efficiency of 5.5% under simulated AM1.5 illumination.[23b] Moreover, Tang et al. 

demonstrated an atomic ligand exchange strategy that employs monovalent halide anions to 

enhance charge transport and passivate surface defects in QD films. This strategy, spin coating 

PbS QDs and subsequently treating the QD film with a solution of cetyltrimethylammonium 

bromide (CTAB), showed an improvement in PCE to 6%.[40a] In 2012, Sargent’s group further 

demonstrated a solution phase ligand exchange to fabricate QDSCs to reduce mid bandgap 

trap states resulting in an enhanced PCE (certified) reaching 7%.[40c] 

One major advantage of the ability to deposit the CQDs in LBL fashion is that band 

alignment engineering within the QD absorber film can be carried out by depositing the CQDs 

with the same chemical composition but with different types of carrier doping (n- or p-type) 

as the different QD layers inside. Such variations in doping can be achieved by using different 
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types of surface ligands during the ligand exchange approach. For instance, PbS CQDs treated 

with mercaptopropionic acid (MPA) results in p-doped films, bromide (in a N2 atmosphere) 

leads to n-doping, bromide (in air) to p-doping, iodide to n-doping and hydroxide to p-doping. 

These different treatments of PbS CQDs can be successively stacked together in one QD solid 

film (Figure 2e) to give a thicker depletion region that extends the carrier transport length.[37] 

Similarly, solar cells with two PbS QD treatments – tetrabutylammonium iodide (TBAI) and 

1,2-ethanedithiol (EDT) – form a heterostructured QD absorber layer that achieved a certified 

efficiency record of 8.55% for QDSCs in 2014.[45] Molecular iodine, methylammonium iodide 

or a perovskite thin shell can also be used to treat PbS QD. Many of these treatment strategies 

focus on the passivation of trap states at the QD surface and are beneficial to enhancing the 

Voc of QDSCs. The enhancement of Voc has been seen as the most quantitatively significant 

opportunity for improved PbS QDSC performance.[46] 

Apart from CQD surface engineering, a number of interface passivation strategies have 

been developed to tackle the interfacial charge recombination in spin coated QDSCs. Inserting 

a buffer layer at the CQD/ETL interface can effectively reduce interfacial charge 

recombination, improve electron extraction, and further enhance the external quantum 

efficiency (EQE).[47] For instance, heterojunction QDSCs with PCBM as buffer layer between 

the TiO2 and PbS CQD layers obtained a PCE of 8.9%.[48] The insertion of a self-assembled 

monolayer (R-SAM) between PbS QD and ZnO layers (see Figure 2f-g) has shown to help 

optimized the band alignment at this interface, resulting in efficient charge extraction and a 

remarkable PCE of 10.7%.[38] Chloride passivated ZnO exhibiting decreased surface trap 

densities also offered a favorable electronic band alignment in PbS QDSCs.[41c] When In3+-

doped ZnO is used as the ETL with an n-type CQD : p-type CQD bilayer, a double-side junction 

device is formed that minimizes charge recombination and maximizes fill factor (FF) in PbS 

QDSCs; resulting in a PCE of 10.8%.[49] 

Recently, Choi et al. demonstrated a homogeneous PbS CQD bulk homojunction film 

by blending n-type CQD with p-type CQD prior to spin coating. This enabled a 1.5-fold increase 

in carrier diffusion length as compared to the previous best CQD films fabricated via a cascade 

surface modification scheme and boosted the PCE of the PbS CQD solar cells to 13.3%.[32c] 

Passivating the surface of lead chalcogenide CQDs with halide perovskite materials has been 

shown to increase the inter-QD coupling, and thus substantially increase the carrier diffusion 
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length as compared to pristine lead chalcogenide QD solid films. Such perovskite passivation 

can be achieved by treating the CQD layer with halide salts, as demonstrated by Sun et al., 

where they grew a monolayer of halide perovskite on PbS QD surface by FABr treatment 

achieving a PCE up to 13.8% that is the current record for Pb chalcogenide QDSCs with 

significantly enhanced operating stability (Figure 2h-i).[39] 

From the above example of QDSCs, one can understand that spin coating is an ideal 

fabrication method that gives ample opportunity to play around with different parameters 

for optimized performance, such as surface treatment, film thickness, and doping. This can 

be considered a testing platform for translating these technical advances to large-area 

modules and practical applications. Some disadvantages of solar cell fabrication by spin 

coating are likely to be common with large area module fabrication. For example, emerging 

PQD solar cells in recent times are primarily fabricated using spin coating and, unavoidably 

thus far, use costly chemicals like methyl acetate. When scaling up to large area fabrication, 

the consumption of methyl acetate is expected to enormously increase the overall cost. 

Therefore, research must be done to find an alternative, low-cost chemical to enable scale-

up of this process. Likewise, ligand exchange during the LBL spin-coating process breaks the 

long-range ordering of QDs, yet the ligand exchange is an unavoidable step regardless of 

deposition technique. Some efforts made on the CQD self-assembly process have shown that 

this problem can be rectified by modifying the dispersion properties of QD solutions such as 

particle weight fraction, solvent volatility and solvent viscosity etc.[50] 

However, some challenges associated with spin coating can be avoided in other 

deposition techniques. For instance, spin coating process wastes a significant fraction of the 

total CQD solution and is likely not conducive to scaled-up device fabrication for the 

commercialization of CQDs solar cells.[22] This problem can be solved in other deposition 

techniques involving droplet-based methods like spray coating and inkjet printing, as well as 

liquid film-based methods such as blade-coating and slot-die coating. Commendable efforts 

have already been made towards scalable, large-area QDSCs involving such deposition 

technologies and we will focus on these deposition techniques next.[51] 

2.2 Drop Coating & Dip Coating 

The other two most commonly used small-scale, batch-processing methods are drop 

coating and dip coating. Drop coating is the simplest and easiest method among all of the 
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developed CQD deposition methods. In this process, as shown in Figure 3a, a drop of CQD 

solution is directly deposited on the substrate, and the solvent is left to evaporate completely, 

forming a QD film. The utilization rate of the material for drop coating can reach nearly 

100%.[52] In 2013, Fischer et al. fabricated a PbS QD solar cell through single-step drop coating, 

resulting in a PCE of 2.1% (Figure 3b).[20a] However, due to a lack of adequate control over film 

formation, the quality of the drop coated film is not sufficient for applications in high-

efficiency optoelectronic devices.[53] As presented in Figure 3c, large cracks and nonuniformity 

are observed in the drop coated PbS QD film, while the spin coated counterparts are nearly 

uniform and crack-free. To make the drop coating technique more effective and versatile, 

further optimizations of the solvent evaporation and the diffusion of the CQDs on substrate 

surface are required, which should produce better film morphology and result in better 

performance of the final QDSC. 

The dip coating process, in general, can be schematically described in five steps as 

shown in Figure 3d: (1) Immersion: the bare substrate is immersed into the CQD solution; (2) 

Extraction: the immersed substrate is withdrawn from CQD solution forming a boundary 

layer; (3) Deposition & (4) Drainage: the deposition and drainage take place simultaneously; 

(5) Evaporation: the solvent evaporates from the wet film leaving behind a dry QD film. When 

the system is kept in the Newtonian regime, which depends on the withdrawal speed, the 

thickness of the coated layer can be expressed using the Landau-Levich equation:[54] 

2⁄3(𝑛𝑣) 
ℎ = 0.94 1⁄6 1 

(2)
⁄2𝑦𝐿𝑉 (𝜌𝑔) 

where h, n, v, yLV, ρ, and g represent the coating thickness, withdrawal speed, viscosity, 

liquid-vapored surface tension, density and gravity; respectively. The dip coating method is 

not only simple and low-cost, but also very tolerant to the shape of the substrate including 

plane or curved surfaces and complex substrate shapes.[56] Furthermore, compared to spin 

coating and drop casting, LBL dip coating assembly can suppress the formation of cracks and 

achieve excellent control over the QD film thickness in a large area.[57] The dip coating method 

has been developed and used to deposit QD absorber layers in solar cells for decades.[58] The 

first QD solar cell with a certified 1-sun conversion efficiency of 2.94% reported by Luther et 

al. in 2010 was fabricated by dip coating PbS QDs on ZnO nanoparticles.[44b] In 2008, the first 

Schottky solar cells based on CQD films were also established by LBL dip coating, which 

This article is protected by copyright. All rights reserved. 

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.



 

 

 
   

 

            

         

           

           

       

           

        

         

         

              

       

      

        

         

       

       

achieved an AM1.5G PCE of 2.1%.[30] Crisp et al. reported dip coating PbS and PbSe QDSCs 

using a metal halide ligand exchange, with QD film thicknesses approaching one micron and 

a PCE of 7.25% (Figure 3e-g).[40e] Similarly, Zhang et al. introduced cesium lead halide QDs to 

passivate PbSe QDs via ion exchange[59] or as a back layer in a bilayer structure[60] during dip 

coating process, and further improved the PCE of PbSe QDSC to 8.2%. 

Nonetheless, the main obstacle to scaling-up dip coating for QDSCs is that it is difficult 

to precisely control film thickness when using highly diluted or highly viscous solutions for 

ultra-thin (<20 nm) or ultra-thick (>1000 nm) QD films.[61] Another important obstacle is 

material shrinkage during drying and consolidation steps, often leading to cracks in QD films; 

especially for the wet QD films when the adhesion forces of the QD film on the substrate is 

not strong enough to overcome the lateral tensile stresses.[61,62] In addition, the wet film 

formed during dip coating is susceptible to changes in environmental factors like temperature 

and relative humidity,[63] which also need to be addressed when dip coating is employed. Such 

small-scale batch-processing methods described above are more appropriate for initial 

research purposes, but for large-area coating, the feasibility of scaled-up CQD manufacturing 

must be considered and improved to be compatible with roll-to-roll processing. 
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Figure 3. a) Schematic of drop coating process. b) J–V curves of the PbS QDSC fabricated by 

single-layer drop coating, leading to a PCE of 2.1%. Insets are a cross-sectional TEM image of 

the device structure and a photograph of a drop coated QDSC. c) Comparative SEM images of 

PbS QD films deposited by spin coating and drop coating. d) Schematic illustration of dip 

coating process. e) Absorption spectra of dip coated PbS QD films on glass as a function of the 

number of dip cycles with a PbI2 ligand exchange. f-g) J–V curves (f) and EQE spectra (g) as a 

function of QD film thickness for PbI2 dip-treated devices. b) Reproduced with permission.[20a] 

Copyright 2013, Wiley-VCH. c) Reproduced under the terms of Creative Commons CC BY 

license.[55] e-g) Reproduced under the terms of Creative Commons CC BY license.[40e] 

2.3 Spray Coating 
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The development of spray coating is motivated by the need for rapid deposition in roll-

to-roll device production and high material transfer efficiency. Spray coating is a deposition 

method without centrifugal force (as with spin coating), enabling large-area coatings on a 

wide variety of substrates such as planar, curved, and mesh surfaces. 

Figure 4. a) Schematic illustration of spray coating process. b) Focused ion beam transmission 

electron microscopy of spin-coated and sprayLD PbS QD films. c) Histograms showing a 

comparison between the efficiency for PbS QDSCs fabricated utilizing spin coating and 

sprayLD processes. d-e) Schematic of solute CQD redistribution when the solvent evaporation 

rate is slow (d) and fast (e) during the spray coating process. The dashed line represents an 

initial profile of droplet and the red arrow shows the position change of CQDs. f) Thickness 
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profile of CQD films on the glass substrate. g) J–V curves of the PbS QDSCs made by single-

step spray-coated QD films. Inset image is a cross-sectional SEM image of the device. a-c) 

Reproduced with permission.[64] Copyright 2014, Wiley-VCH. d-g) Reproduced with 

permission.[51c] Copyright 2019, Wiley-VCH. 

The spray-coating process, in general, has four stages: (i) generation of the ink-

droplets, (ii) transportation of the droplets onto the substrate, (iii) the droplets coalescing 

into a wet film, and (iv) thin-film drying.[65] For CQD deposition using spray coating, the ligand-

capped QD solution passes through a nozzle and is sheared into micron-sized droplets by an 

orifice or ultrasonic apparatus. After that, the generated droplets are directed to the 

substrate by a gas jet, wetting the surface of the substrate. Once a continuous wet film has 

been obtained, the nozzle is moved away and the carrier solvents start to evaporate, leaving 

a solid QD film. During the spray coating, the capacity of the droplets to merge together into 

a wet film is strongly associated with ink surface tension, nature of the substrate, the colloidal 

solution density, droplet diameter, viscosity, velocity, etc. Additionally, the QD solution 

concentration, the nature of the solvent for dispersing CQDs, substrate temperature, spray-

head height/speed, and fluid flow rate should also be optimized to minimize “pooling” and 

de-wetting during solvent evaporation. The thickness of one spray coating step is mainly 

dependent on the concentration of the QD solution and the spraying time, while the thickness 

of the final QD film is controlled by the number of spray coating cycles. 

Initially, spray coating was used to fabricate solar cells out of colloidal nanocrystals of 

CuInSe2
[66] and CdTe[67] with PCEs approaching 2% and 3%, respectively (well below the 

performance of their spin coated counterparts). Researchers soon began exploring direct 

translation of existing spin-coating methods for lab-scale PbS CQDs solar cell to spray coating 

method for large-area fabrication. Sung-Yeon Jang et al. fabricated PbS CQDs solar cell with a 

PCE of 4% by optimizing the fabrication conditions such as the spraying pressure, types of 

ligands, and duration of the ligand exchange in the solid state.[31b] Unfortunately, spray 

coating resulted in a substantial reduction in the performance of QDSCs as compared to those 

fabricated via spin coating. Sargent et al. investigated the origin of this performance loss and 

reported that insulating long-chain organic ligands on CQDs could accumulate in the film 

during the spray coating process, hindering the charge transport in the vertical direction for 
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the resulting solid QD films.[64] To solve this issue, they developed a spray coating technique 

for PbS CQDs they named “sprayLD” (Figure 4a). This method is a fully automated process 

with near monolayer control and is analogous to atomic layer deposition (ALD). The sprayLD 

QD film is stripe free while the spin coated film presents a clear striping effect, suggesting the 

formation of voids as displayed in Figure 4b. This sprayLD approach produced high-quality 

QDSCs with a record PCE of 8.1%, even higher than that of the spin-cast counterparts as 

shown in Figure 4c.[64] The versatility of the sprayLD method for CQDs was further investigated 

by fabricating PV devices on various substrates including spherical lens substrates and one-

axis-bended substrates for scaling up the manufacturing process. Meanwhile, the potential 

for transferring the spray-coating technique to roll-to-roll manufacturing was demonstrated 

by spray-coating the CQDs onto six substrates that were mounted on a rapidly rotating drum, 

achieving PbS QD solar cells with an average PCE of 6.7%.[68] To minimize the cost of the QD 

spray coating process, a supersonic spraying technique with facilitated solvent evaporation 

and non-compulsory post-deposition annealing procedure, was developed by Choi, et al. This 

technique achieved high-quality photovoltaic PbS QD films in 1 minute and minimized the 

amount of ink to <5mg for a 300-nm-thick QD layer on a 2.5×2.5 cm2 substrate.[69] Recently, 

an ultrasonic spray coating system was used to tune the solute-redistribution dynamics of PbS 

CQD droplets by optimizing the movement of the contact line and the evaporation kinetics of 

the solvent as illustrated in Figure 4d-e. QDSCs with a smooth QD film and a notably large 

area of 100 cm2 possess a remarkable PCE of 8.10% for PbS CQD solar cells (Figure 4f-g).[51c] 

Beyond the traditional lead chalcogenide based QDSCs, spray coating has also been effectively 

applied to the most recent colloidal PQDs. For CsPbI3 PQDs, spray coating was employed by 

Tian et al. with an ultrathin-film purification process that was used to remove the residual 

long-chain organic ligands within the solid QD film. This method helped to improve the 

adhesive force between the PQDs and the substrate. A competitive efficiency of 11.2% was 

reported for the resulting CsPbI3 perovskite QDSCs.[70] 

Significant progress has been made in developing spray coating techniques for the 

fabrication of QDSCs. Such techniques however still bear the challenge of removing insulating 

ligands and optimizing the process parameters to create uniform and compact solid QD films. 

For instance, the droplet size and the droplet deposition distribution on the substrate surface 

are the most influential factors in the spraying process, but are not completely controllable. 
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Thus, multiple overlapping droplets over the entire substrate (which is essential for depositing 

a continuous film) cannot be achieved. Rather, multiple overlapping droplets can be observed 

only in patches in certain areas of the substrate. This is problematic since the surface tension 

on the overlapping droplets pulls the impacting droplets towards those already on the 

substrate. This leads to strikingly non-uniform morphologies and insulting organic ligand 

aggregation. These challenges still need to be solved, suggesting that there is ample scope in 

development of spray coating for QDSCs. 

2.4 Inkjet Printing 

Inkjet printing is another droplet-based method similar to spray coating with a series 

of advantages, such as efficient use of materials, contactless deposition, and high scalability. 

In addition, it has the unique advantage of high resolution, low-cost and mask-less 

patterning.[71] 

In inkjet printing, the pressure inside the jet chamber is applied to eject an ink droplet 

from the nozzle to a precise position on substrates. Two representative inkjet printing 

methods for CQD solar cell are shown in Figure 5a-b.[72] A successful droplet formation 

requires the kinetic energy transferred from the piezoelectric transducer to the CQD ink to be 

large enough to overcome the surface tension at the nozzle. A volumetric change in the fluid 

is induced by an excitation pulse with the constructive and destructive interference traveling 

through the printhead. The printing resolution on the substrate mainly depends on the 

diameter of the orifice, the wettability of the substrate surface and the precision of the 

positioning control system. Based on the specification window of the printhead (Figure 

5c),[72,73] the printability of the ink formulation relies on rheological ink properties such as 

density, viscosity, surface tension and the nozzle diameter. The nozzle and the substrate 

simultaneously move in relative motion according to a preset trajectory, so that the CQD ink 

can be evenly and precisely covered to the accurate position on substrates producing the 

desired patterns and structures.[71b] In addition, the deposition of a large-area film can also 

be performed quickly by using multiple nozzle heads covering the entire substrate. These 

characteristics of inkjet printing almost perfectly meet the needs of full color, light emitting 

diodes (LEDs). For example, a complicated pattern of the light-emitting layer can be seen in 

Figure 5d, and, to date, most studies on inkjet-printed CQD optoelectronic devices have 

focused on LEDs rather than solar cells.[74] 
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Figure 5. a) Schematic of the continuous inkjet printing process. b) Schematic of the “drop-

on-demand” inkjet printing process. c) A plot showing properties of fluid that is suitable for 

inkjet printing process. d) Photographs of printed patterns and micrographs of the emitting 

pixels showing the versatility of inkjet printing. a-b) Reproduced with permission.[72] Copyright 

2013, Royal Society of Chemistry. c) Reproduced with permission.[75] Copyright 2011, AIP 

publishing. d) Reproduced under the terms of Creative Commons CC BY license.[74a] 

The limitations on quality of inkjet-printed CQDs films are mainly the results of 

nonuniform droplet formation, wetting, and drying. Many efforts have been made to optimize 

the CQD ink formulation to overcome these limitations, such as the use of mixed solvent 

systems that help tune the ejected droplet size, ensure wetting, and promote Marangoni 

flows that prevent coffee stain rings.[74a,76] Furthermore, using a dual ionic passivation of CQDs 

using zinc oleate (Zn(OA)2) in a liquid phase ligand exchange, has been shown to solve the 

problems of low efficiency and fast degradation of devices from the inkjet printing process.[74c] 

Currently, inkjet-printed LEDs have been successfully commercialized and the research 
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progress on inkjet printing for CQD LEDs suggests that it is feasible for the large area 

fabrication of QDSCs as well. 

2.5 Blade Coating 

In addition to the droplet-based methods discussed above, blade coating is a liquid-

film based method, useful for continuous and large area film deposition. In blade coating, the 

ink is placed on a substrate and subsequently spread over the whole area by a blade, to form 

a thin film through the constant relative movement between the blade and the substrate. As 

compared to the droplet-based methods, blade coating can produce films from solutions with 

a wider range of viscosities and is inexpensive to set up. In addition, it enables quick and 

efficient formation of uniform thin films over large surface areas. With the ability to deposit 

on a range of rigid or flexible substrates without a large amount of solution waste. The 

thickness of blade coated films can be controlled by adjusting different deposition parameters 

like substrate speed and the height of the blade above the substrate. 

In doctor-blade coating, as can be seen in Figure 6a, a sharp blade or knife is placed at a fixed 

distance (typically 10–500 mm) from the substrate surface and spreads the ink uniformly 

across the entire length of the substrate. The CQD ink travels along an inlet duct that drives 

the QD dispersion from an ideally stirred reservoir to a region of the substrate.[77] Shown 

schematically in Figure 6b, as the substrate moves, the solvent in the CQD ink evaporates 

within the liquid meniscus to form a saturated solution and densely packed QD array (wet 

film) that is transported from the deposition region by the moving substrate without 

disruption to the QD film. Then a continuous dry QD film is produced after the solvent in the 

wet film completely evaporates. The doctor-blade can operate at speeds of up to several 

meters per minute and achieve a very wide range of wet film thicknesses from twenty to 

several hundred microns. The thickness of the coat is not only defined by the distance 

between the blade and the substrate, but also dependent on the type of substrate, type and 

form of the blades, angle and position of the blade, viscosity of the paste, and speed of the 

base. The final thickness of the dry film, d, can be calculated from the empirical 

relationship:[79] 

1 𝑐 
𝑑 = (𝑔 ) (3)

2 𝜌 
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where g is the gap distance between the blade and the substrate in cm, c is the concentration 

of the solid material in the ink in g/cm3, and ρ is the density of the material in the final film in 

g/cm3. 

Figure 6. a) Schematic drawings of the blade coating process. b) Schematic of the CQD flow 

coating behavior. c) J–V curve of the PbS QDSC fabricated by successively blade coating p-

type QD and n-type QD layers; the device structure is shown in the inset. d) J–V curves of 0.1 

cm2 (blue) and 0.5 cm2 (green) active area blade coated PbS QDSCs by an oxygen-doping 

strategy. e) EQE spectrum of the 0.1 cm2 blade coated solar cell in (c) with the comparison of 

the required QD amount between spin and blade coating. f) Schematic drawings of the slot-

die coating process. g) Schematic illustration of a typical slot-die coating behavior. b) 

Reproduced with permission.[77] Copyright 2016, American Chemical Society. c) Reproduced 

with permission.[51a] Copyright 2008, Royal Society of Chemistry. d-e) Reproduced with 
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permission.[51b] Copyright 2018, Wiley-VCH. g) Reproduced with permission.[78] Copyright 

2015, Wiley-VCH. 

Despite blade coating being an easily implementable prototype tool for continuous 

deposition process, direct translation from well-established small-scale processes to blade 

coating still faces a number of physical and chemical challenges. Particularly, blade coating is 

not very effective when the CQDs deposition is accompanied with solid-state ligand exchange. 

This is because the exchange solutions containing short-chain ligands have a finite 

penetration depth. As a result, there is a limit to the QD film thickness that can be achieved 

with a single-step deposition. Thus, it is difficult to produce high quality QD films with 

nanoscale uniformity using single-step deposition technique like doctor blading. However, a 

CQD ink generated from liquid-phase ligand exchange can be quite effective in blade coating 

techniques. A variety of small molecule or atomic ligands like chalcogenidometallate 

complexes, chalcogenides, halides, pseudohalides, and halometallates have been explored 

for such processes.[40d,80] Halides and halometallates have shown the best prospects for solar 

cell applications due to excellent electronic passivation of the QD surface. Furthermore, n–p 

quantum junctions can be achieved by successively depositing an n-type QD ink and then a p-

type QD ink, this also helps to overcome the thickness limit in blade coating methods. For 

example, n-type PbS QD ink can be prepared by the phase-transfer-exchange method using 

PbI2 as the exchanging ligand, and p-type PbS QD ink can be produced by capping 3-

mercaptopropionic acid (MPA) on PbS CQDs.[51a] As shown in Figure 6c, such CQDs can be 

deposited using blade coating to fabricate n–p quantum junction QDSC with a PCE of 10.01% 

that is comparable to their spin-coated counterparts.[51a] In another example of blade coating, 

Aram et al. demonstrated high-speed blade coating to fabricate PbS QDSC at ambient 

conditions irrespective of seasonal humidity variations (Figure 6d-e). For this purpose, they 

designed a simple oxygen-doping step and the QDSCs were fabricated under ambient 

conditions with 50–65% RH. The performance of these devices is very similar to those 

fabricated using spin coating, and this reported method shows an added advantage of 

-requiring much smaller amounts of CQD material (0.1 mg cm-2 for blade coating vs 2.5 mg cm 

2 for spin coating). Such improvements are bringing the QDSCs a significant step closer to 

industrial implementation.[51b] Nevertheless, there is still a long way to go in terms of 

optimizing the blade coating parameters: controlling the fabrication conditions and solvent 
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engineering of the CQD ink in order to achieve high-quality blade-coated QD films. It must 

also be noted that contamination is a critical issue for the blade coating system, which cause 

serious streaks when the blade crosses over the substrate, impacting the film uniformity. 

Additionally, the shearing rate of the CQD solution is challenging to precisely control and plays 

a vital role in the thickness of the final QD film, which may lead to poor reproducibility of 

blade coating.[81] 

2.6 Slot-die coating 

Slot-die coating is another liquid-film based method for large-area processing which is 

very similar in design and principle to blade coating.[28b] This technique also uses a moving 

meniscus liquid edge of the precursor ink to drive the spread of the liquid film across the 

substrate as depicted in Figure 6f. The main difference is that in slot-die coating, the ink leaks 

out from a reservoir through a thin slit in the blade itself, with a linked pump for continuous 

production, and thus the wet film thickness is determined by the rate of ink deposited. A slot-

die coater is generally composed of a slot-die head with an upstream die (or lip) and a 

downstream die.[78,82] In a typical process, the ink is injected into the slot-die head through a 

feed slot to form an upstream and a downstream meniscus in the coating bead, as liquid 

bridges between the head and the substrate (Figure 6g). When moving the substrate 

continuously, the wet film is deposited and then dried by heat or air flow. The quality of the 

resulting film is influenced by a set of operating parameters such as vacuum pressure applied 

in the coating bead, liquid viscosity, and surface tension. Moreover, slot-die coating is 

generally regarded as a pre-metered coating technique, in which the final film thickness can 

be precisely controlled based on the flow of the inks through the slit and the speed of the 

substrate. This makes the theoretical determination of wet-film thickness in slot-die coating 

more reliable when comparing to other coating methods. Also, it has shown by the Monte 

Carlo cost simulation model that slot-die coating is a scalable and industry-compatible coating 

technique, preferable over other roll-to-roll compatible techniques, due to the excellent 

processing window. Therefore, slot-die coating is of great interest for researchers who are 

working on translating thin-film fabrication from lab scale to commercial levels.[28b] Slot-die 

coating has been well studied in the field of PVs and is utilized to deposit light absorbing layers 

– like organic materials and perovskite inks – as well as the charge transport layers in device 

stacks.[83] Although slot-die coating has striking similarities with blade coating (which has 
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already shown promise in QDSC fabrication) it has not been tried for CQDs so far. However, a 

recent publication showed the fabrication of Cs0.16FA0.84Pb(I0·88Br0.12)3 perovskite thin film 

solar cells using slot-die coating over an area of 100 cm2.[84] From this example, we can 

confidently predict that slot-die coating exhibits promising prospects for the fabrication of 

large-area and flexible QDSCs. 

Table 1. Comparison between different deposition techniques of QDs 

Method Cost Scalability 
Highest PCE 

achieved 

Deposited 

film quality 

Percentage of 

QD wastage 

Deposition 

rate 
Ref. 

Spin 

Coating 
Low Low 

High 

(16.6% 

for CsPbI3) 

High 

(controlled, 

uniform, 

reproducible) 

High 

(>95%) 
Very slow 

35,61, 

85 

Low 
Low 

Drop 

Coating 
Low Low (2.1% 

for PbS) 

(uncontrolled, 

non-uniform, 

susceptible) 

Low 

(<1%) 
Medium 

20a, 

52,61 

Medium 
Middle 

Dip 

Coating 
Low High (8.2% 

for PbSe) 

(uniform, 

susceptible, 

shrinkage) 

Low 

(<1%) 
Slow 

60, 

61,85a 

Spray 

Coating 
High High 

High 

(11.2% 

for CsPbI3) 

Low 

(uncontrolled, 

non-uniform) 

Low 

(<1%) 
Fast 

61, 70, 

74a 

Inkjet 

Printing 
Medium High -

Medium 

(controlled, 

non-uniform) 

Low 

(<1%) 
Fast 

61, 

74b, 

74c 

Medium 

Blade 

Coating 
Low High 

High 

(10.3% 

for PbS) 

(uniform, 

unreproducible, 

imprecise) 

Medium 

(~35%) 
Fast 

51a, 

61, 

85a 

Slot-die 
High 

Low 
61, 

coating 
High High - (controlled, 

uniform) 
(~5%) 

Fast 85a, 

86 
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Figure 7. Comparison of all coating techniques for PV devices. Plot showing comparison of 

PCE and achieved active area in QDSCs fabricated using various deposition techniques since 

2010. The data points are extracted from various reports discussed in this review. 

Table 1 compares different QD deposition techniques employed during solar cell device 

fabrication and their effects on different aspects such as cost, scalability, highest PCE 

achieved, deposited film quality, percentage of material wastage and deposition rate. 

Furthermore, we summarize PCEs and active areas in QDSCs fabricated using different 

deposition techniques during the last decade (see Figure 7). As can be seen from this dataset, 

the efficiency and the active area in QDSCs are both significantly improved over time, except 

for spin coating where the active area stays tiny. It is evident that the majority of the efforts 

are being made to improve and optimize the QDSCs in research labs using spin coating, while 

drop and dip coating are rarely being studied in recent years. Attempts at large area 

fabrication of QDSCs are still in their infancy with only a few reports on spray coating and 

blade coating present in the literature. As discussed earlier, metal halide PQDs have recently 

taken the center stage of QDSC research, replacing the lead chalcogenide based materials as 

the PCE record-holding QD material. In the following section, we will shift the focus our 
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discussion from general QD deposition techniques to perovskite QDSCs, as well as challenges 

and opportunities regarding their large-area fabrication. 

3. Scale-up of PQD Solar Cells 

3.1 Progress in PQD Solar Cells 

Metal halide perovskite materials have attracted tremendous attention due to their 

high defect tolerance, high absorption coefficient and long photocarrier lifetime.[21b,87] These 

emerging perovskite semiconductors in CQD form offers the opportunity to achieve high 

efficiency PV devices. So far, materials scientists have shown enormous interest in PQDs as a 

new entrant to the QDSC technology landscape after their first successful synthesis by 

Schmidt et al. in 2014.[88] Controlled hot injection synthesis of all-inorganic monodisperse 

CsPbX3 QDs (X = Cl, Br, I) was first demonstrated by Kovalenko et al. in 2015 with a high 

photoluminescence quantum yield (PLQY) of 90%.[9] Among the all-inorganic, CsPbX3 QDs, 

CsPbI3 is the best choice for a single-junction solar cell absorber material because the band 

gap is the smallest compared to using bromide or chloride. Interestingly, bulk CsPbI3 in is not 

thermodynamically stable in the corner-sharing perovskite crystal phase in ambient 

conditions. The stability in this desired “black” perovskite phase of nanocrystalline CsPbI3 has 

been attributed to the surface strain.[89] However, the chemical and structural instability of 

the CsPbI3 PQDs in polar solvents (such as those typically used for solid-state ligand exchange 

in traditional lead chalcogenide based QDSCs) hindered their application in optoelectronic 

devices. Their application in QDSCs was realized only after Abhishek et al. demonstrated that 

the “magic” solvent methyl acetate (MeOAc) could remove the long-chain organic ligands 

without disturbing the chemical or structural integrity of the PQDs. The first perovskite QDSC 

was fabricated with the n-i-p structure displayed in Figure 8a, which showed a promising PCE 

of 10.77%.[90] Before going into the coating methods of PQDs and the challenges towards 

scale-up QDSC fabrication, we will quickly discuss different surface and interface engineering, 

and architecture design strategies employed so far in case of PQD solar cells, as understanding 

these strategies is important for developing and employing different coating techniques and 

scaling up. 

The original ligand exchange process demonstrated by Abhishek et al. using MeOAc 

was later studied in detail by Wheeler et al., and it was proposed that MeOAc is hydrolyzed 

to acetic acid and methanol during the ligand exchange. Acetate ions can then replace the 
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native oleate ligands on the QD surface.[91] Although removal of the oleate ligands helped 

achieve a high Voc, the Jsc was still limited by carrier transport due to the remaining cationic 

ligands (oleylammonium) on the PQD surface, even after the MeOAc or NaOAc treatments.[90– 

92] To address this issue, Sanehira et al. carried out an additional step, treating the PQD solid 

films with a solution of MeOAc saturated with a variety of halide salts (AX). This treatment 

effectively replaced the long-chain surface oleylammonium ions with the smaller A+ ions. 

Treating the QD film with FAI dramatically increased the carrier mobility of PQD film by more 

than a factor of two compared to the film using only MeOAc treatment, as shown in Figure 

8b, leading to increased photocurrent and a certified QDSC efficiency of 13.43%.[29b] However, 

the processing window of the MeOAc and FAI treatments is very narrow and the ability to 

remove the original ligand is limited.[29b,91,93] 

A variety of alternative surface treatments have been developed in order to improve 

the inter-dot electronic coupling, carrier transport, and overall PV performance.[94] To more 

efficiently remove the oleate ligands, Jigeon et al. further introduced a modification that 

involves treating the CsPbI3 PQD films with a solution of sodium acetate (NaOAc) in MeOAc.[92] 

Unlike the neat MeOAc treatment, this NaOAc treatment contains OAc ions without the 

formation of the hydrolysis byproducts: methanol and proton. The efficient removal of 

surface oleate ligands leads to an improved photovoltaic performance with a PCE of 12.4%.[92] 

Recently, Ma et al. reported the use of short-chain secondary amines, specifically di-n-

propylamine, to simultaneously remove the oleate and oleylammonium surface ligands, 

resulting a high PCE of ~15% for CsPbI3 QDSCs.[40i] 
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Figure 8. a) Schematic of a device stack with a TEM image of PQDs and a cross-sectional SEM 

image of the CsPbI3 QDSC. b) Stabilized current at a constant voltage of 0.95 V for the CsPbI3 

QDSC. c) Schematic of the charge transport process and stabilization mechanism for 

μGR/CsPbI3 QD film. d) Comparison of the stability for the CsPbI3 and μGR/CsPbI3 QDSCs in 

ambient with a relative humidity of ~60%. e) Schematic illustration of LBL assembly resulting 

in a PQD film composed of different layers of QDs. f) SPO at 0.95 V of QDSCs with different 

thicknesses of Cs0.25FA0.75PbI3 and CsPbI3 in the PQD absorber layer. g) The color-coded 
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atomic-resolution HAADF-STEM image of Cs0.5FA0.5PbI3 QDs prepared using OA ligand-

assisted cation-exchange strategy. The atom column with uniform and distinct contrast 

distribution are displayed as the yellow and the pink (blue) dots, respectively. h) The 

simulated atomic-resolution HAADF-STEM image of the Cs0.5FA0.5PbI3 QDs after 

reconstruction. i) The atomic models for the original view of the Cs0.5FA0.5PbI3 QDs along the 

[001] zone axis after reconstruction. a) Reproduced from references with permission.[90] 

Copyright 2016, American Association for the Advancement of Science. b) Reproduced under 

the terms of the Creative Commons Attribution-NonCommercial license.[29b] c-d) Reproduced 

with permission.[95] Copyright 2018, Wiley-VCH. e-f) Reproduced under the terms of Creative 

Commons CC BY license.[16] g-i) Reproduced with permission.[35] Copyright 2020, Nature 

Publishing Group. 

Decreasing the number of defects within the PQD absorber layer is another distinct 

purpose of surface treatment. Ma et al. reported an efficient surface passivation strategy for 

CsPbI3 PQDs using a variety of inorganic cesium salts (e.g., cesium acetate (CsAc)), which not 

only improves the intra-dot electronic coupling, but also fills vacancies at the CsPbI3 QD 

surface.[96] This post-treatment process delivered an excellent efficiency of 14.10% for CsPbI3 

QDSCs. In addition, the surface defects of CsPbI3 QDs can also be passivated by amino acids 

as dual-passivation ligands using a facile single-step ligand exchange strategy. For example, 

glycine ligands can significantly improve defect passivation in CsPbI3 PQDs, resulting in QDSCs 

with an impressive PCE of 13.66%.[40f] In another example, a larger organic cation (as 

compared to Cs+), guanidinium (GA+), was added onto CsPbI3 QD surfaces through ligand 

exchange, followed by a mild thermal annealing process that enhanced the carrier mobility 

up to 0.70 cm 2 V −1 s −1,leading to a PCE of 15.21%.[23c] Table 2 lists a number of short-chain 

ligands that have been utilized for making highly efficient PQD devices. It can be seen from 

the table that the carboxylic acids (acetic, caproic, octanoic and benzoic acid), amines 

(propylamine, butylamine, hexylamine, octylamine and phenylamine) and their derivatives 

are typically used as surface capping ligands of PQDs. In addition, iodide and bromide salts 

have been proven advantageous for charge transport in active layer. These, therefore, allow 

us to speculate that the organic groups bearing lone pair electrons with moderate polarity 

could bind to under-coordinated A-site and B-site cations of PQDs (empty nonbonding surface 
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orbitals)[97] by forming hydrogen bonds within the BX6 
4− framework (such as N-H-I-Pb) on PQD 

surfaces, while the addition of excess iodide and bromide ions are beneficial for filling the 

halide vacancies.[98] 

Table 2. Summary of short-chain ligands employed in efficient PQD devices 

PQD composition 
Short-chain ligand Device type Ref. 

(X = Cl, Br, I) 

CsPbI3 Methyl acetate Solar cell 90 

CsPbBr3 Methyl acetate, Ethyl acetate, Pacetate, Butyl acetate Solar cell 99 

FAPbI3 Ethyl acetate, 2-pentanol, Acetonitrile, Solar cell 100 

CsPbI3 Phenylammonium, Benzylammonium, Phenethylammonium Solar cell 101 

CsSnX3 Trioctylphosphine oxide, Diethylenetriamine Solar cell 102 

CsSn1-xPbxI3 Tri-n-octylphosphine Solar cell 103 

CsSnI3 Triphenylphosphite Solar cell 104 

CsPbBrI2 Octylamine, Octanoic acid Solar cell 105 

CsPbI3 Adamantan-1-yl methanammonium Solar cell 106 

Octylamine, Octanoic acid, Dodecanoic acid, 
CsPbI3 Solar cell 107 

Dodecylamine, Caproic acid, Hexylamine, Acetic acid 

N-propylamine, N-butylamine, N-hexylamine, N-octylamine, 

CsPbI3 Phenylamine, Di-nethylamine, Di-n-butylamine, Di-n- Solar cell 108 

octylamine, N-phenylaniline, Tri-n-propylamine 

CsPbI3 Phenyltrimethylammonium bromide Solar cell 70 

CsPbI3 1,2-dichloroethane Solar cell 109 

CsPbI3 Pyridine, Omercaptopyridine, P-mercaptopyridine Solar cell 110 

CsPbI3 Guanidinium thiocyanate Solar cell 111 

CsPbI3 Glycine, D-alanine, β-alanine, Lysine Solar cell 112 

CsPbI3 tert-Butyl iodide and trioctylphosphine Solar cell 113 

CsPbI3 L-phenylalanine Solar cell, LED 114 

CsPbX3 4-Phenylbutylamine, Benzoic acid LED 115 

CsPbBr3 Isopropylammonium bromide LED 116 

Phenylmethylammonium bromide, Phenylethylammonium 

CsPbBr3 bromide, Phenylpropylammonium bromide, LED 117 

Phenylbutylammonium bromide 

Dioctyldimethylammonium bromide, Didecyldimethyl 

CsPbBr3 ammonium bromide, Ditetradecyldimethyl ammonium LED 118 

bromide 

N-propyltrimethoxysilane-dimethyloctadecylammonium 
CsPbBr3 LED 119 

bromine 

CsPbX3 Di-dodecyl dimethyl ammonium bromide LED 120 
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CsPbI3 1-Octanethiol, 1-Dodecanethio, 1-Octadecanethiol LED 121 

CsPbBr3 2-Aminoethanethiol LED 122 

Methyl acetate, Phenylethylamine, 
CsPbI3 LED 123 

2-(4-fluorophenyl)-ethylamine 

CsPbBr3 Dido-decylamine, Phenethylamine LED 124 

Figure 9. a) Normalized PCE of the flexible CsPbI3 QDSC and a CsPbI2Br thin film solar cell as a 

function of bending cycles (inset: photograph of the flexible CsPbI3 QDSC). b) Schematic of 

the bending mechanical testing of QD and thin films on a PET/ITO substrate. c) SEM images 

of the CsPbI3 QD film, CsPbI2Br, and mixed perovskite thin-film deposited on PET/ITO after 

the 1000-time mechanical bending test. d) Schematic drawings of the spray coating process 

This article is protected by copyright. All rights reserved. 

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.



 

 

 
   

 

              

        

        

         

        

        

 

           

    

         

        

       

      

         

         

       

  

       

           

         

      

              

          

     

              

     

          

       

          

        

      

using an UFP method for PQDs. e) Photograph of spray-coated CsPbI3 QD films on a 10 × 10 

cm2 substrate deposited in a complex pattern, shown under UV excitation. f) UV–Vis spectra 

and images (inset) of CsPbI3 QD films with increasing cycles of spray coated layers by the UFP 

method. g) Jsc, Voc, FF, and PCE for the spray coated CsPbI3 QDSCs as a function of the 

deposition cycles by the UFP method. a-c) Reproduced under the terms of Creative Commons 

CC BY license.[125] e-g) Reproduced with permission.[70] Copyright 2019, Wiley-VCH. 

In addition to the QD surface ligand engineering, other strategies have been 

attempted to improve the performance of CsPbI3 QD solar cells. For example, μ-graphene 

(μGR) was used to crosslink CsPbI3 PQDs to form a μ-graphene/CsPbI3 film, demonstrated by 

Liu et al.[95] The resultant QD film provides not only an effective channel for carrier transport, 

but also dramatically improves their stability against moisture, humidity, and high 

temperature (Figure 8c-d). Interfacial engineering and surface engineering have also shown 

promise in improving the perovskite QDSCs. Ji et al. introduced a polymer–QD bulk 

heterojunction hybrid layer at the interface between PQD and HTL, which led to more 

efficient interfacial charge transfer with reduced carrier recombination loss, enhanced Jsc, and 

a PCE approaching 14%.[126] 

Along with CsPbI3 CQDs, the FA-containing PQDs like FAPbI3 and FA1-xCsxPbI3 CQDs are 

also actively explored for solar cell applications. There have been fewer reports on 

organic/inorganic hybrid A-site perovskite QDSCs compared to the all-inorganic CsPbX3 QDSCs 

since all-inorganic PQDs show much better photo and thermal stability and their synthesis 

and surface engineering are better optimized.[127] It is known in thin film halide perovskites 

that A-site alloying induces entropic stabilization of the perovskite structure under ambient 

conditions.[18,128] Moreover, tuning A-site compositions allows control over the band gap 

energy to some extents, paving the way for the development of ideal absorbers in a tandem 

solar cell architecture. FAPbI3 is of interest to the solar cell community because of its slightly 

narrower band gap compared with MAPbI3 and CsPbI3, and its slower hot carrier cooling.[129] 

These advantageous properties inspire additional research into FAPbI3 based QDSCs. Xue et 

al. demonstrated the first FAPbI3 CQD based solar cell with an initial PCE of 8.38% by tailoring 

the polarity of the antisolvents for effective removal of the native insulating ligands.[130] This 

enhanced inter-dot electrical coupling while preserving the perovskite cores. Using similar 
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methodology of the MeOAc/FAI treatment discussed above, FAPbI3 QDSCs have reached a 

PCE of 9.01%.[18] Using a conjugated small molecule, like 2,2 ′ -[[6,6,12,12-tetrakis(4-

hexylphenyl)-6,12-dihydrodithieno[2,3-d:2 ′ ,3 ′ -d ′ ]-s-indaceno[1,2-b:5,6-b ′ 

]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-indene-2,1(3H)-

diylidene)]]bis[propanedinitrile] (ITIC), which can promote effective charge separation, the 

established ITIC/FAPbI3 CQD heterointerface enabled a remarkable PCE approaching 13% for 

FAPbI3 QDSCs.[131] With the development of both CsPbI3 and FAPbI3 QDSCs, Hazarika et al. 

presented a post-synthetic cation-exchange approach for tunable A-site alloys of Cs1−xFAxPbI3 

PQDs spanning the complete compositional range (0<x<1),
[18] which is difficult to achieve in 

corresponding thin films.[128,132] The QDSCs with these alloy compositions exhibited high Voc 

with fewer losses than the thin-film perovskite devices of similar compositions or band gap. 

Zhao et al. demonstrated internal heterojunction solar cells by spin-coating two layers of 

8e.[16] Cs1−xFAxPbI3 CQDs with different compositions, as displayed in Figure This 

heterojunction facilitates charge separation at the internal interface, leading to improved 

photocarrier harvesting and resulting in a PCE with stabilized power output (SPO) of 15.74%, 

as illustrated in Figure 8f. In a very similar attempt, Li et al. demonstrated QDSCs with a 

CsPbI3/FAPbI3 QD bilayer heterojunction that resulted in 15.6% efficiency.[133] A certified 

efficiency of 16.6% for a QDSC was achieved using Cs0.5FA0.5PbI3 QDs by Wang’s group who 

utilized an oleic acid ligand-assisted cation-exchange strategy to synthesize high quality 

Cs1−xFAxPbI3 PQDs, as shown in Figure 8g-i.[35] 

The fast progress in the development in PQD synthesis, surface chemistry 

modification, and solar cell fabrication has raised the question of whether this PV technology 

can be scaled-up. Since this technology is still in its infancy, spin-coating has been the main 

deposition technique, which is the obvious choice for lab-scale device fabrication. 

Nonetheless, there are immense possibilities for scaling-up PQD PV technology. Yuan et al., 

very recently, reported the first flexible PQD solar cells on PET substrates with a record 

efficiency of 12.3%, and with higher mechanical endurance as compared to the thin-film 

perovskite solar cells, experimentally demonstrating the high roll-to-roll compatibility of PQD 

PVs (Figure 9a-c).[125] Here we summarize all the methods used to date for depositing PQD 

films in the fabrication of solar cells. As can be seen from Table 3, there is only one report 

from Tian’s group who demonstrate the feasibility of spray coating PQDs for solar cell device 
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fabrication. They developed a fully automated spray-coated technique using an ultrathin-film 

purification (UFP) method to successfully deposit high quality CsPbI3 QD thin films for high-

efficiency solar cells (see Figure 9d-g).[70] For the spray deposition process, the colloidal QD 

solution in octane is nebulized into very small droplets using a nozzle with high pressure N2 

gas. The droplets spray out from the nozzle and reach the substrate surface at high speed. In 

the UFP technology, each PQD layer is then treated by spray coating a Pb(NO3)2 in MeOAc 

solution. Finally, a high-pressure N2 blade is utilized to dry residual solvent. To further increase 

charge carrier mobility and passivate the vacancy related defects, the PQDs films were treated 

with phenyl trimethyl ammonium bromide (PTABr) and the native oleylammonium ligands 

are partially substituted with phenyl trimethyl ammonium molecules. The final devices had 

an active area of 0.12 cm2 and showed excellent stability with reasonably good PCE(>11%) 

after the optimization of the spray coating procedures (Figure 9f-g).[70] This is particularly 

interesting for the prospects of developing a fully automated industrial scale PQD solar 

fabrication process, allowing for continuous synthesis, QD deposition, and final module 

fabrication.[134] 

The research on PQD solar cells is still in the developmental stage and the current 

focus is on improving device efficiency and stability by using highly controllable coating 

methods. It is known that for fabricating efficient PQD solar cells, the long-chain organic 

ligands in the solid films need to be replaced by small ligands during the deposition process. 

And the crystal phase stability of these PQD materials is extremely sensitive to their surface 

chemistry, particularly for all-inorganic PQDs. Hence, a well-controlled deposition process 

including careful ligand exchange can be recognized as one of the most essential ingredients 

for high performance PQD solar cells. Among all of the coating methods described in the 

manuscript, spin coating is one of the simplest methods that can enable highly uniform QD 

films, and also exhibits the highest degree of controllability and reproducibility (as shown in 

Table 1). To determine the best protocol for reproducibly fabricating the best device, using 

the common technique is the most efficient way at the current stage; rather than attempting 

to reduce the production cost or hastily scale up the device area using less explored 

techniques. Therefore, with the aim of improving device performance, in the current scenario, 

spin coating is the most widely employed technique that enables surface manipulation, 

chemical alloying, interfacial passivation etc. This may explain the continued reliance on spin 
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coating to the near exclusion of all other coating methods as shown in Table 3. However, it 

should be noted that, compared to PQD-based solar cells, there are many reports of 

deposition techniques other than spin-coating for PbS/PbSe CQD-based solar cells, as 

demonstrated in Figure 7. The liquid phase ligand exchange process has been well-established 

for metal chalcogenide based CQDs, which allows the whole QD absorber layer to be 

produced by a single-step deposition using colloidal short-chain-ligand-capped QD inks 

without any requirement of post-ligand exchange.[40d,80] Thus, the applicability of more 

scalable coating methods, such as spray coating, blade coating, slot-die coating etc., will 

receive much attention once effective liquid-phase ligand exchange strategies are successfully 

implemented for PQDs. In addition, improving the tolerance of processing parameters for 

PQD films may be another way to develop scalable coating methods. It is not hard to imagine 

that after the significant breakthroughs in PQD solar cell performance and stability, a lot of 

effort will be focused on large scale PQD PV productions. 

Table 3. Summary of reported coating techniques in PQD solar cell 

Substrate/PQD absorber Year PCE Active area Depositing Ref. 

FTO/TiO2/ CsPbI3 2016 10.77 0.058 Spin coating [90] 

FTO/TiO2/ CsPbBr3 2016 5 0.0935 Spin coating [135] 

FTO/TiO2/ CsPbI3 2017 13.43 0.058 Spin coating [29b] 

ITO/TiO2/ CsPbBr3 2017 4.21 - Spin coating [136] 

FTO/TiO2/ CsPbBrI2 2018 5.3 0.0314 Spin coating [137] 

FTO/TiO2/ CsPbI3 2018 8.83 0.058 Spin coating [18] 

FTO/TiO2/ FAPbI3 2018 12.37 0.058 Spin coating [18] 

FTO/TiO2/ CsPbBr1.5I1.5 2018 7.94 0.06 Spin coating [138] 

FTO/TiO2/ CsPbI3 2018 12.55 0.0725 Spin coating [21c] 

FTO/TiO2/ CsPbI3 2018 11.41 0.09 Spin coating [95] 

ITO/SnO2/ FAPbI3 2018 8.38 0.1 Spin coating [130] 

FTO/TiO2/ CsPbI3 2018 8.1 0.11 Spin coating [139] 

ITO/PTAA/ CsPbI3 2019 9.6 0.054 Spin coating [140] 

FTO/TiO2/ Cs0.25FA0.75PbI3/CsPbI3 2019 15.74 0.058 Spin coating [16] 

FTO/TiO2/ FA1−xCsxPb(I1−xBrx )3 2019 12.86 0.058 Spin coating [21a] 

FTO/TiO2/ CsPbI3 2019 13.12 0.0725 Spin coating [127c] 

FTO/TiO2/ CsPbI3 2019 13.3 0.0725 Spin coating [92] 

FTO/TiO2/ CsPbI3/FAPbI3 2019 15.6 0.0725 Spin coating [133] 

FTO/TiO2/ CsPbI3 2019 14.1 0.0725 Spin coating [96] 
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FTO/TiO2/ CsPbI3 2019 11.2 0.12 Spray coating [70] 

FTO/TiO2/ CsPbI3 2019 12.15 0.16 Spin coating [127b] 

FTO/TiO2/ CsPbI3 2019 11.87 - Spin coating [127a] 

ITO/SnO2/ FAPbI3 2019 12.7 - Spin coating [131] 

ITO/ZnO/ CsPbBr3 2019 2.43 - Spin coating [141] 

FTO/TiO2/ FAPbI3 2020 9 0.16 Spin coating [142] 

ITO/NiOx/ FAPbI3 2020 5 0.16 Spin coating [142] 

FTO/TiO2/ CsPbI3/Cu12Sb4S13 2020 10.02 0.04 Spin coating [143] 

FTO/NiOx/CsPbI3 2020 13.1 0.056 Spin coating [144] 

ITO/SnO2/ Cs1−xFAxPbI3 2020 16.6 0.058 Spin coating [35] 

ITO/SnO2/CsPbI3 2020 13.66 0.06 Spin coating [40f] 

FTO/TiO2/ CsPbI3 2020 15.21 0.0725 Spin coating [40f] 

FTO/TiO2/ CsPbI3 2020 14.9 0.0725 Spin coating [40i] 

FTO/TiO2/ CsPbBr3 2020 5.01 0.0725 Spin coating [106] 

FTO/TiO2/ CsPbI3 2020 13.8 0.0725 Spin coating [126] 

FTO/TiO2/ FAPbI3 2020 13.2 0.0725 Spin coating [126] 

FTO/c-TiO2/m-TiO2/ CsPbI3 2020 14.32 0.09 Spin coating [127e] 

FTO/TiO2/ CsPbI3 2020 14.62 0.0725 Spin coating [145] 

FTO/TiO2/ CsPbI3 2020 14.03 0.059 Spin coating [146] 

FTO/TiO2/ CsPbI3 2020 14.25 0.0725 Spin coating [40g] 

FTO/TiO2/ CsPb1-xZnxI3 2020 14.8 - Spin coating [127d] 

FTO/TiO2/ CsPbBr3 2020 4.23 0.096 Spin coating [147] 

FTO/TiO2/ CsPbI3 2020 14.1 0.096 Spin coating [40h] 

FTO/TiO2/ CsPbI3 2021 15.05 0.0725 Spin coating [148] 

FTO/SnO2/ CsPbI3/FAPbI3 2021 16.07 0.04 Spin coating [149] 

FTO/SnO2/ CsPbI3 2021 14.5 0.096 Spin coating [150] 

FTO/TiO2/ CsPbI3 2021 13.2 0.12 Spin coating [33c] 

FTO/TiO2/ CsPbI3 2021 12.85 0.06 Spin coating [93] 

FTO/TiO2/ CsPbI3 2021 15.1 0.096 Spin coating [125] 

FTO/TiO2/ CsPbI3 2021 16.07 0.09 Spin coating [151] 

FTO/TiO2/ CsPb0.965Ag0.035Br1.5I1.5 2021 9.67 0.06 Spin coating [152] 

FTO/TiO2/ CsPbBr1.5I1.5 2021 8.07 0.06 Spin coating [152] 

FTO/TiO2/ CsPbI3 2021 15.21 0.0725 Spin coating [153] 

FTO/TiO2/ CsPbBr0.6I2.4 2021 12.31 0.04 Spin coating [154] 

FTO/TiO2/ CsPbI3 2021 13.5 - Spin coating [155] 

FTO/SnO2/ CsPbI3 2021 15.45 0.06 Spin coating [113] 

3.2 Challenges and Perspectives on Scaling up PQD PVs 
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In principle, there should not be any additional challenges for scaling up PQD PV 

technology when compared with the established lead chalcogenide based QD PVs.[22b,28b] The 

post-synthetic treatments, including ligand exchange, are similar in both material systems. 

There is one striking difference though: while lead chalcogenide QDs are compatible with 

many polar solvents like DMF, DMSO, ethanol, methanol, etc., PQDs have limited stability in 

such solvents. In the following section, as illustrated in Figure 10, we are briefly discussing 

some key issues that are crucial to address for scaling up PQD PV technology. 

Figure 10. a) Demonstration of organ damage caused by Pb toxicity. b) The survival of 

zebrafish as a function of toxicant concentration and pH resulting from PbI2 and SnI2. c) TEM 

images of PQDs. d) Schematic drawings of CsPbI3 QD photo-oxidation mechanism. e) 
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Illustrations of thermal degradation for MAPbI3 and FAPbI3 perovskites. f) J–V curves of CsPbI3 

QD devices fabricated at relative humidity levels ranging from 3 to 40%. g) Examples of 

additional costs in processing PQD PVs. h) The relationship between LCOE, PCE, and lifetime. 

i) Module cost breakdown for different absorbers assuming a 20% cell and 19% module 

efficiency. b) Reproduced under the terms of Creative Commons CC BY license.[156] d) 

Reproduced under the terms of Creative Commons CC BY license.[125] e) Reproduced with 

permission.[157] Copyright 2020, American Chemical Society. f) Reproduced with 

permission.[91] Copyright 2018, American Chemical Society. h) Reproduced under the terms 

of Creative Commons CC BY license.[28a] i) Reproduced under the terms of Creative Commons 

Attribution 3.0 Unported License.[158] 

3.2.1 Toxicity 

Pb is an essential element as the B-site cation in halide perovskites for state-of-the-

art, high-performance perovskite PVs. For the most widely studied perovskite, MAPbI3, the 

use of Pb is estimated at 38 mg per 1 kWh.[159] The presence of this heavy metal in PQD PV 

manufacturing, transportation, storage, and usage could cause serious threats to the 

environment and human health, particularly when pilot and industrial scale large-area 

fabrication is concerned. For instance, long-term exposure to lead, may cause blood 

disorders, anemia, abnormal activities of enzymes, etc.[160] Lead toxicity also commonly leads 

to behavioral problems, learning deficits and lowered IQ in children, as well as the damages 

to the digestive system, nervous system, respiratory system, reproductive system – both in 

adults and children.[161] The US Occupational Safety and Health Administration has clearly 

stated that the legal permissible exposure limit of lead in general industry is set to <0.05 

mg/L.[162] Replacing the B-site Pb2+ in perovskite compositions (ABX3) with relatively 

environmentally friendly elements, such as In1+ and Ga1+ from group III, Ge2+ and Sn2+ from 

group IV or Bi3+ and Sb3+ from group V of the periodic table[163] is generally considered to be 

a way to solve the Pb-toxicity problem.[164] Another way to discover possible Pb-free 

perovskite candidates is the introduction of an aliovalent metal cation leading to new 

[159,165] For perovskite chemical formulae like ABˊ(I)Bˊˊ(III)X6, AB(V)X6, A2B(IV)X6 and A3B(III)2X9. 

example, in 2015, Mitzi’s group and Yan’s group prepared a lead-free layered perovskite 

derivative, Cs3Sb2I9, with a grain size of over 1 μm and a bandgap of 2.05 eV, showing potential 
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Moreover, incorporating for future developments in high-band gap PV applications.[163a] 

nontoxic Bi3+ into the perovskite lattice to form double-perovskite structure of Cs2AgBiBr6 was 

reported by Slavney et al. and its room-temperature fundamental PL lifetime could reach 

~660 ns, which is also encouraging for optoelectronics.[163b] In the past few years, colloidal 

lead-free PQDs have been intensively investigated following the development of their thin 

film counterparts, with the particular objective for use in efficient emitters and detectors.[166] 

For lead-free PQD solar cells, Wang et al. reported CsSnI3 QDSCs with a PCE of 5.03% using an 

antioxidant solvent additive (triphenyl phosphate) to improve chemical stability.[104] Recently, 

Liu et al. found that highly luminescent Sn-based PQDs could be achieved via decreasing the 

density of tin vacancies though the trend in the chemical potential-dependent formation 

energies of various defects is opposite. They accordingly developed a colloidal synthesis 

strategy that leads to narrow-band-emissive CsSnI3 QDs with a record photoluminescence 

quantum yield of 18.4%.[167] Nonetheless, these materials’ optimization for solar cell 

applications will require significant work. 

Furthermore, the potential hazards of acidification and nanotoxicity from scaling up 

PQD PVs must be evaluated. For example, Sn-based PQDs mentioned above are the most-

researched candidates for lead-free perovskites, but there is the challenge of oxidation of 

Sn(II) to Sn(IV) in ambient or aqueous conditions, which leads to the formation of hydroiodic 

acid.[159] Biological experiments on zebrafish demonstrate that Sn2+ is more toxic to the 

ecosystem and could cause more severe acidification than Pb2+.[156b] Additionally, nanoscale 

perovskite particles are known to be harmful to the liver, spleen, and lungs, as well as the 

circulatory, digestive, endocrine, immune and reproductive systems.[168] Adding in the 

exposure possibility of toxic elements from PQDs exacerbates the corresponding damage. In 

particular, when QD deposition involves spray coating, the PQD ink must be atomized into 

lots of very tiny droplets. These droplets can be dispersed in the air, polluting the 

environment, and inhaled by workers involved in the fabrication process. Therefore, 

developing nontoxic PQDs, along with establishing reliable health protection systems, is of 

utmost importance to the toxicity issue in PQD PV industrialization. 

3.2.2 Deposition Operating Conditions 

Another challenge for the large-area manufacturing of PQD films is that the deposition 

and ligand treatment of PQD films require tightly controlled environmental fabrication 
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conditions including moisture, light, heat, and oxygen. Under the influence of these factors, 

metal halide perovskite materials may degrade via decomposition, hydration, oxidation, ion 

diffusion, polymorphic phase transformation, etc.[159] For instance, as recently reported by 

Luther’s group, reactive oxygen species are responsible for the deprotonation of CsPbI3 QD 

surface ligands, evolution of iodine, and the formation of metal carbonate species, resulting 

in the bleaching of CsPbI3 PQD films.[169] Maintaining the native amine ligands or utilizing 

terminating bromide ligand salts can effectively reduce the surface under-coordinated sites 

to inhibit the photo-oxidation degradation reaction of CsPbI3 PQDs. This degradation 

mechanism of PQDs is very different from their polycrystalline thin-film counterparts and the 

traditional chalcogenide-based CQDs. For the MA or FA containing organic–inorganic hybrid 

PQDs, the A-site organic species can diffuse out of the metal–halide octahedra structure and 

[170] also are vulnerable to attack by H2O because of the presence of the ammonium group. 

Moreover, as mentioned earlier, the presence of moisture plays a crucial role in the ligand 

exchange process of PQDs since it involves hydrolysis of MeOAc to form acetic acid and 

methanol.[91] For effective ligand replacement and uniform film formation, the humidity of 

the environment needs to be strictly controlled between ~3%–30% in the deposition 

[91]process. It is generally observed that the PQD films exhibit uneven coverage when 

deposited at <3% relative humidity, and on the other hand, undergoes a change into yellow 

orthorhombic phase when the deposition is performed at >30% relative humidity. Hence, it 

is challenging to control the fabrication conditions required to produce high-quality PQD films 

on a large scale, while maintaining the stability in ambient conditions. A few attempts have 

been made to demonstrate unique approaches for the fabrication of environmentally stable 

CsPbX3 PQD-based optoelectronic devices. For instance, CsPbBr3 PQD/AlOx nanocomposites 

can be prepared by using atomic layer deposition, which demonstrates exceptional stability 

towards exposure to air, irradiation, and heat.[171] Shi et al. utilized inorganic n-type and p-

type materials as the carrier injectors and CsPbBr3 PQD as the emissive layer to build an all-

inorganic multilayer structure of an LED that showed excellent operational stability (75% of 

RH, 12 h) and maximum luminance of 6093.2 cd/m2, along with an EQE of 3.79%.[172] Further, 

Shen’s group demonstrated that CsSn0.6Pb0.4I3 PQD films can have surprisingly high stability 

and their black phase could be retained even after one-month of storage in air.[103] These 

findings may open possibilities for ambient air-processed stable PQD solar cells in the near 
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future. Along with these, fundamental research that focusses on understanding PQD 

degradation pathways should draw significant attention in the PV community, guiding the 

development of appropriate PQD manufacturing templates for industrialization of 

environmentally safe stable PQD PVs. 

3.2.3 Cost 

Low production cost with high performance is undoubtedly the major target in scaling 

up new PV technologies to compete with market-leading crystalline silicon and other 

established commercial PV technologies. To successfully industrialize PQD PVs, the costs 

involved in manufacturing, production equipment, materials, labor and other factors such as 

factory location, building, electricity, facility maintenance, etc, must be considered and 

estimated. In reality, except for the PQD material cost, the cost of manufacturing PQD PVs is 

quite similar to that of lead chalcogenide based QD PVs which has already been thoroughly 

analyzed for hot-injection synthesis.[173] Using Monte Carlo simulations, Jean et al. compared 

the cost of synthesizing PbS QDs with seven different reported synthetic methods and 

synthesizing CsPbI3 QDs with the typical hot-injection method. According to their analysis, the 

median costs of PbS QDs are $11 to $59 per g and CsPbI3 QD are $73 per g.[158] Although the 

calculated costs in this report are not necessarily representative of a PQD solar cell factory 

because the materials used, processes, and equipment are still under development, it still 

suggests that the state-of-the-art PQD PVs with PCE <20% (~$0.74 per W) has no competitive 

advantage in cost compared to silicon PVs (~$0.20–0.40 per W).[174] 

However, we find that if the module/device lifetime, which is one of the most sensitive 

factors for the cost of PVs, were improved to ~19 years with a current record device efficiency 

of 18.1%, or if the module efficiency could reach 22.3% with a lifetime of 15 years, the 

levelized cost of electricity (LCOE) is estimated to be $0.06 per kWh using data drawn from 

previous reports,[28a,158] achieving the United States’ “SunShot Initiative” goal.[175] Han’s group 

stated that the LCOE for perovskite thin film solar cells with a module efficiency of 12% and a 

lifetime of 15 years is calculated to be $0.035–0.049 per kWh, much lower than the cost of 

traditional energy sources ($0.07–0.12 per kWh) reported in Levelized Cost and Levelized 

Avoided Cost of New Generation Resources in the Annual Energy Outlook,[28a,176] and they 

advocate for more efforts towards boosting the lifetime and efficiency of perovskite PVs, 

rather than identifying cheaper materials and procedures. Similarly, by enhancing the PCE and 
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stability, the PQD PVs could have a huge potential to be competitive in the solar PV market 

as a lightweight and flexible alternative to conventional PV technology since there is no 

fundamental reason why PQDs must be expensive.[28b,159,177] But, it should be noted that the 

toxicity issues described above may cause an increase in the manufacturing costs due to 

resources needed for protecting factory workers’ health during large-area fabrication. Precise 

control of the relative humidity, as is currently required for PQD processing, is expected to 

add extra cost during the fabrication process as well. Anhydrous MeOAc is an expensive 

chemical that bears the majority of the material cost of device fabrication, and unfortunately 

so far, no other alternative chemical has been found that can be used for post-synthetic 

chemical processing of the PQDs. Therefore, future work should aim at reducing the 

consumption of MeOAc, understanding cost barriers and drivers to establish low-cost 

manufacturing of PQDs with high-yield synthetic methods. To date there have been many 

reports where the material cost of PQDs have been reduced via increasing synthesis yield, 

enhancing process continuity and lowering reaction temperature. In particular, the 

introduction of di-n-propylamine can efficiently prevent the agglomeration of CsPbI3 PQDs 

that occurs during MeOAc purification process, leading to the increased production yield by 

a factor of eight.[40i] Wang et al. reported a room-temperature synthesis of γ-phase CsPbI3 

PQDs by using 4-dodecylben-zenesulfonic acid as a ligand, which significantly reduced the 

energy consumption of PQD synthesis.[178] Recently, continuous flow synthetic strategies for 

halide PQDs have been successfully developed as a reliable synthesis technique, offering 

several advantages compared to batch processing approach, such as enhanced process 

intensification, high-throughput experimentation, and reduced reagent 

consumption.[98,134b,179] Such developments in PQD synthesis should reduce the material cost 

to a large extent. However, we still strongly believe that focusing efforts on overcoming 

performance and stability barriers of the QDSCs and modules would enable the 

commercialization of PQD PV technologies more quickly. 

Different unique and logical approaches can be tried for improving the 

photoconversion efficiency of PQD PVs. For instance, three directions are worth pursuing for 

further improving the efficiency of PQD associated solar cells: building a PQD film with >1-μm 

thickness, exploring practical utilization based on unique intrinsic features of PQDs, and 

employing PQDs as passivators for reduction of the interfacial recombination between 
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absorber and charge transport layer. Specifically, in the current generation of state-of-the-art 

PQD solar cells, the film thickness is limited (mostly <600 nm) due to a short carrier diffusion 

length. In such a case, 20%–40% of the incident photon flux is wasted, thus suppressing the 

Jsc of PV device.[139,180] So far, only a few studies address this issue in the case of PQD devices. 

For example, Yuan’s group recently developed a P/N homojunction structure to overcome the 

thickness obstacle and demonstrated efficient PQD solar cells.[181] On the other hand, more 

fundamental studies and understanding are required to realize the potential of intrinsic 

features in PQDs to significantly enhance solar cell performance. For instance, multiple 

exciton generation (MEG) in CQDs can enable a dramatic increase of photogenerated carriers 

in the QD absorber by using surplus energy.[182] Besides, bulk perovskites have shown long-

range hot-carrier transport and slow hot-carrier cooling lifetimes several orders of magnitude 

longer than conventional absorbers,[183] while PQDs exhibit around two orders of magnitude 

slower hot-carrier cooling times than their perovskite bulk counterparts and demonstrate an 

efficient, room temperature, hot-electron extraction up to ∼83%.[183a] In addition, Yb3+ doped 

CsPbCl3 or CsPb(Cl1−xBrx)3 PQDs demonstrated a remarkable PLQY approaching 200%, which 

is due to an efficient quantum cutting process where two emitted near-infrared photons can 

be generated from one absorbed visible photon.[184] Interestingly, very recent work by Gao 

and colleagues shows that CsPbI3 PQDs exhibit the strongest carrier-longitudinal optical 

phonon interaction among all traditional semiconductors.[185] Lastly, it is known that the 

efficiency of the emerging perovskite solar cells is typically limited by the nonradiative 

recombination that occurs at the interface between absorber and charge transport layer.[186] 

However, Wieliczka et al. recently noticed that the interfaces between the PQD absorber and 

the charge transport layers have no significant impact on recombination losses, and the free 

charge carrier concentration of PQDs is orders of magnitude higher than that of perovskite 

thin films.[187] This not only explains why typical Voc values in PQD based solar cells are higher 

compared to their bulk/thin film counterparts, but also further explains why the Voc of bulk 

perovskite solar cells can be enhanced through inserting a PQD layer between perovskite thin-

film layer and charge transport layer. Furthermore, the perovskite QD/bulk heterojunction 

can be established to enhance photogenerated carrier harvesting of perovskite absorber, and 

concurrently enables effective interfacial passivation. So, overall, we expect that finding ways 
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to increase the Jsc is the way forward to enhance the PCE to be competitive to the bulk devices, 

as Voc and FF are already better or comparable to that of their bulk counterparts. 

4. Conclusions and Future Prospects 

With the established CQD manufacturing industries and a good number of start-up 

companies like NanoSys, UbiQD, Avantama, Nanoco Technologies, Quantum Solutions LLC, 

working on large scale production of CQDs as well as on industrial scale application in some 

key areas, it will not be exaggerated to envision that commercial CQD-based solar modules 

may soon become a reality. The fast progress in materials development and understanding of 

their fundamental properties has raised this hope even more. In order to achieve industrial-

scale use of QD PV, research must shift its focus to how the large area deposition techniques 

summarized here, such as spray coating, slot-die coating, and blade coating can be 

controllably employed. In parallel, the job at hand for the QD research community is to 

continue improving the single-junction device conversion efficiency >20% and find solutions 

to the fundamental challenges, like eliminating toxicity, enhancing QDSC stability, and 

replacing expensive chemicals used in device fabrication, especially for the emerging colloidal 

PQDs. By simultaneously addressing these obstacles to QDSC industrial production, we will 

be able to realize tremendous opportunities for single junction QDSCs, and combine them 

with other PV technologies for superior designs, such as QD/thin film perovskite tandem PV 

modules. 
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TOC: 

Colloidal Quantum Dot Solar Cells: Progressive Deposition Techniques and Future 

Prospects on Large-area Fabrication 

The possibilities of different deposition techniques which can bring quantum dot (QD)-based 

solar cells to the industrial level are assessed. With perovskite QDs showing potential to breach 

the Shockley–Queisser limit based on their unique intrinsic features, the discussions on the 

challenges for perovskite QD solar cells in particular, are given in an attempt to achieve large-

area fabrication for further advancing technology to solve pivotal energy and environmental 

issues. 

This article is protected by copyright. All rights reserved. 

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.



 

 

 
   

 

 

 

 

This article is protected by copyright. All rights reserved. 

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.


	Abstract
	1. Introduction
	2. CQD Deposition Techniques
	2.1 Spin Coating
	2.2 Drop Coating & Dip Coating
	2.3 Spray Coat
	2.4 Inkjet Printing
	2.5 Blade Coating
	2.6 Slot-die coating

	3. Scale-up of PQD Solar Cells
	3.1 Progress in PQD Solar Cells
	3.2 Challenges and Perspectives on Scaling up PQD PVs

	4. Conclusions and Future Prospects
	Acknowledgments
	References



