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Synthesizing and Formulating Metal Oxide Nanoparticle Inks for 
Perovskite Solar Cells  

Peter Armstrong,a Sashil Chapagain,a Rojita Panta,a Craig Grapperhaus,a and Thad Druffel b* 

The perovskite solar cell has commercial potential due to the low-cost of materials and manufacturing processes with cell 

efficiencies on par with traditional technologies. Nanomaterials have many properties that make them attractive for the 

perovskite devices, including low-cost inks, low temperature processing, stable material properties and good charge 

transport. In this feature article, the use of nanomaterials in the hole transport and electron transport layers are reviewed. 

Specifically, SnO2 and NiOx are the leading materials with the most promise for translation to large scale applications. The 

review includes a discussion of the synthesis, formulation, and processing of these nanoparticles and provides insights for 

their further deployment towards commercially viable perovskite solar cells.

1.0 Introduction 

The perovskite solar cell (PSC) has generated a fair amount of 

interest due to the low cost of materials and manufacturing 

with a reported highest efficiency of 26.1%, which is on par with 

traditional technologies of silicon (26.8%) and CdTe (22.3%).1 

The structure of the PSC includes a perovskite (PVSK) thin film 

that is sandwiched between two charge extraction layers, the 

electron transport layer (ETL) and hole transport layer (HTL). 

The technology also lends itself well to tandem devices 

including PVSK/silicon (33.7%), PVSK/CIGS (24.2%) as well as 

PVSK multifunction devices (26.4%).2 All of these devices utilize 

hole transport or electron transport layers that are carbon 

based. Nanoparticles can play a very important role in the 

commercialization of the PSC, since these can be made from 

earth abundant materials, easy to scale, have suitable band 

alignment and can impart improved durability.  

A technoeconomic analysis demonstrated how using 

nanoparticles for the charge transport layers in a perovskite film 

can achieve a cost of $0.04-$0.10 per watt. Key to this low cost 

is large area rapid coating on a roll-to-roll system and reduced 

energy consumption by utilizing IPL annealing. Several recent 

reviews have examined current efforts in large area perovskite 

coatings with focus on device architecture and performance.3-6 

However, the discussion on the formulation of charge transport 

material inks, has largely been centered on polymer materials. 

This focus on polymers has ignored the versatility, innate 

stability, and scalable nature of metal oxide nanoparticles. 

Made from earth abundant materials and easily customized to 

meet specific applications requirements metal oxides are well 

positioned to make the transition from laboratory to production 

line applications in solar. Therefore, a review of some of the 

leading inorganic nanoparticles is warranted with a focus on 

synthesis, ink formulation and the resulting performance 

towards a scalable manufacture of perovskite films (Figure 1). 

Worth a special note, metal oxide nanoparticles have also been 

used to dope the perovskite lattice forming bulk heterojunction 

PSC’s. The nanoparticles initiate heterogeneous nucleation 

during film formation which accelerates crystal growth resulting 

in larger grain growth and film density.7 8, 9 Nanoparticle doping 

of the perovskite also increases the p-type character or the n-

type character of the perovskite depending on the dopant 

added. This doping increases the charge carrier concentration 

in the perovskite and accelerating charge extraction.10 

Heterojunction devices have also shown promising increased in 

stability when compared with undoped films.11 

The specific nanoparticle materials for the HTL and ETL are 

typically metal oxides that can be very straightforward to 

synthesize and disperse in solvents suitable for volume 

manufacturing. The functionalization schemes of these metal 

oxides have been studied at length to improve dispersion in 

selected solvents and to establish homogeneous 

inorganic/organic thin films. This solvent engineering scheme 

has resulted in the capability to deposit a SnO2 ink directly onto 

a PVSK thin film yielding an efficiency of 16.5% using a flexible 

polymer substrate.12 Similarly, aqueous based SnO2 dispersions 

have in the past few years been the workhorse of low 

temperature PSC manufacturing with over 500 papers and 

efficiencies on glass of 23.32%13 and plastic of 20.1%14. 

A general synthesis path for metal oxides is to take a solution of 

the target metal salt and react it with a base to precipitate the 

oxide or hydroxide of that metal. This reaction can be controlled 

by the addition of ligands or surfactants during synthesis to 

control particle size and solubility. After synthesis the 

nanoparticles can be formulated into inks through the addition 

of additives, solvent engineering, or further particle 
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functionalization. Together the properties selected for during 

synthesis and ink formulation drive the materials performance. 

By evaluating the approaches taken during the synthesis and ink 

formulation in the context of final device performance future 

work can build off previous success.  

The primary role of an ETL in PSCs is to enable efficient 

extraction of photogenerated electrons from the PVSK absorber 

layer and transport them to the electrode, while concurrently 

inhibiting hole transport, thus reducing charge recombination 

probability. Moreover, the ETL acts as a protective barrier 

between the PVSK and the electrode, mitigating the 

degradation of the PVSK layer due to contact with the metal 

electrode. Various binary and ternary metal oxides, including 

TiO2, ZnO, SnO2, WO3, In2O3, Nb2O5, Fe2O3, Cr2O3, CeO, BaSnO3, 

SrSnO3, BaTiO3, SrTiO3, Zn2SO4, Nb2O5, and BaSnO3, have been 

explored as ETLs in n−i−p configurations.15-17 Of these TiO2, ZnO 

and SnO2 have been demonstrated as effective inorganic ETLs. 

Organic nanomaterials, such as C60, C70, PC61BM, and 

PC71BM, as well as a variety of fullerene derivatives and their 

corresponding different isomeric functionalized fullerene 

structures, have been investigated in p−i−n configurations, 

where the ETL is deposited directly on the PVSK thin film. For 

this review, we will focus on SnO2 as recent developments has 

demonstrated it to be effective in both n-i-p and p-i-n 

configurations with little to no annealing necessary when 

deposited from solution phase.  

HTL materials face many of the same considerations as ETLs for 

material characteristics but with the electronics targeting hole 

transport instead of electron transport. Favored for their 

stability over organic alternatives and good band alignment 

with the valence band of the PVSKs; NiOx, CuxO, CuI, CuSCN, and 

CuS, have been explored as HTLs through a variety of methods. 

Inorganic copper salts such as CuSCN, CuI, and CuS have shown 

promise as inorganic options for devices of n-i-p configuration.18 

However, they struggle with conductivity and reactivity with 

deposited metal contacts. Copper oxide nanoparticles are also 

an active field of work with delafossite like composition 

(CuM3+O2) recently emerging as a promising solution to the 

instability of Cu2O.19 To date, copper oxide nanoparticles trail 

nickel oxide (NiOx) in terms of conductivity and device 

performance, which has been the most successful inorganic HTL 

to date. Due to its natural self-doping p-type character NiOx has 

shown high hole carrier densities, conductivity, and good band 

alignment with PVSKs. These properties make it a natural choice 

for use as an HTL.  

Under ambient conditions PVSK solar cells undergo degradation 

resulting in structural and morphological changes that decrease 

cell performance. Because of this instability, commercialization 

of PVSKs face a significant challenge.20 Nanomaterials, and 

nanomaterial polymer composites are actively being studied for 

PVSK encapsulation. These nanomaterials create a protective 

barrier from moisture, oxygen, and temperature thus improving 

cell performance and stability. Carbonaceous materials like 

graphene and its derivatives have unique properties such as 

mechanical flexibility, solution processability, hydrophobicity, 

and high thermal stability. Further functionally can be added by 

utilizing graphene’s versatile surface chemistry. In sum the 

properties of graphene make it a prime candidate for use as an 

encapsulation material.21 

This feature article reviews the literature surrounding the 

production of SnO2 and NiOx metal oxide nanoparticles for ETL 

and HTL layers as well as utilization of carbon nanomaterials as 

encapsulation layers. SnO2 and NiOx are the leading CTL 

materials with the most promise for translation from laboratory 

scale to industrial scale applications. This review provides a 

summary of the current state of research for these materials 

with an emphasis on the synthesis and formulation instead of 

performance. How synthesis and ink formulation play into 

performance can provide insights for future work. As such each 

of the synthesis, formulation, deposition, post processing, and 

annealing applications are discussed, with a perspective 

towards scaling to terawatt production instead of champion 

performance. Finally, an outlook for the utilization of 

nanoparticles for PSC is offered. Ultimately the cost of the 

materials and device manufacturing as well as the efficiency and 

reliability will drive the adoption of nanoparticles within the 

PSC. 

2.0 Nanomaterials for Devices 

2.1 Electron Transport Layer 

For an ETL material to be effective it needs to have a conduction 

band that is slightly lower than that of the PVSK, while also 

having a deep valence band to prevent electron-hole 

recombination. This wide band gap is also important for insuring 

high transparency and maximum light adsorption by the PVSK 

layer. Additionally, the selected material needs to have high 

electron mobility to reduce internal series resistance and 

increase charge extraction. A uniform and pinhole-free ETL is 

Figure 1. Scheme of the cyclic relationship between particle synthesis, ink 

formulation, and device performance. Each step influencing the next one and 

providing feedback to the previous steps  
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essential to prevent direct contact between the PVSK and HTLs, 

which could lead to charge recombination and device 

degradation. As PVSK research moves to improving stability and 

scalability the extra considerations of environmentally stable 

and process compatibility are now also being considered. 

Developed initially in dye-sensitized solar cells, TiO2 was the first 

ETL material used in a PVSK sensitized solar cell during the 

pioneering work of Miyasaka’s team in 2009.22 Since then, the 

application and optimization of TiO2 have progressively evolved, 

and improved with it playing a major role in the development of 

mesoporous PVSK architectures. TiO2 has been the dominate 

ETL material used for mesoporous architectures that are 

effective but complex requiring time-consuming methods and 

high-temperature sintering. This renders mesoporous 

structures unsuitable for scaling up PVSK solar cells for 

commercial use.  

Transitioning from the complex mesoporous scaffold to a 

simpler planer structure was demonstrated as feasible by Snaith 

et al. in 2013. Their initial report on planar PSCs employed TiO2 

as a compact layer and achieved a power conversion efficiency 

(PCE) of 4.9%.23 Snaith et al. followed this initial result with a 

vapor phase deposited PVSK on compact TiO2 resulting in a PCE 

of over 15% accompanied by an open circuit voltage of 1.07 V.24 

This research signified a paradigm shift in PVSK solar cell 

research, with a simplified planar structure being sufficient to 

achieve highly efficient PVSK solar cells. 

Following this innovation, researchers began to investigate 

other low-temperature processable ETLs such as ZnO, PCBM, 

and SnO2 as potential alternatives to TiO2 for use in simple 

planar structures. Currently, tin(IV) oxide (SnO2) has emerged as 

a prominent ETL alternative to titanium dioxide (TiO2) and zinc 

oxide (ZnO) in PSCs, with the highest reported PCE of 25.7% in 

single-junction planar structures.25 SnO2 is a wide bandgap n-

type semiconductor (3.5-4.0eV) that aligns with the conduction 

band of the PVSKs and is transparent to most visible and UV 

light. It also has been reported to have high electron mobility 

(200 to 250 cm2/V•S) while being able to be processed at low 

temperatures.26 

SnO2 exhibits superior photostability compared to TiO2, 

particularly towards ultraviolet (UV) light. This increased 

photostability addresses the issue of light-induced degradation, 

a significant problem reported for TiO2 based PSCs.27 

Chemically, SnO2 exhibits good stability in the presence of 

moisture and oxygen and its hygroscopic nature is less 

pronounced compared to TiO2 and ZnO, making it less prone to 

degradation in ambient environments.28 When compared to 

fullerene derivatives, SnO2, displays superior thermal and 

chemical stability. This enhanced stability can potentially lead 

to improved long-term performance and reduced degradation 

of PSCs.  

The processing temperature requirements for SnO2 are also 

lower than those for TiO2, broadening the range of viable 

substrates for PSCs fabrication, to include flexible and 

temperature-sensitive polyethylene terephthalate (PET) based 

substrates. SnO2 as an ETL is amenable to a wide variety of 

deposition methods, such as spin-coating, spray coating, blade  

 coating, and slot die coating. This adaptability introduces 

greater flexibility into the fabrication process, but most work 

with SnO2 uses the n-i-p configuration as the deposition of SnO2 

on top of a PVSK is challenging. Finally, SnO2 is non-toxic and 

environmentally friendly, characteristics that enhance its 

suitability as an ETL material for large-scale production and 

application of PSCs. 

It is worth mentioning some of the work done with fullerene 

derivatives (C60 and PCBM), since these are often adapted for 

p-i-n architectures. These fullerene derivatives are favoured 

due to their facilitation of low-temperature processing via 

solution or physical vapor deposition, superior electron 

mobility, and tuneable LUMO energy levels, which match well 

with the energy band of PVSK. 29 They are also often employed 

in bilayer structures with additional metal oxide ETLs 

(fullerene/MOx ETL), a common approach taken to enhance the 

performance of PSCs. The improvement in efficiency is primarily 

attributed to the defect passivation properties of fullerenes, 

which in turn improves stability.30, 31 However, a significant 

impediment to the widespread adoption of these materials in 

commercial applications is the extremely high production costs 

associated with fullerenes. As such, the development of cost-

effective alternatives to these ETL materials for inverted PVSK 

solar cells is critical for facilitating broader commercialization of 

this promising technology. 

The low-temperature fabrication methodologies of SnO2 have 

provided its suitability for the development of flexible PSCs on 

low temperature substrates.32, 33 Standard flexible plastic 

substrates like PET (Tg: 70–110 °C) and polyethylene 

naphthalate (PEN) (Tg: 120–155 °C) are capable of withstanding 

limited heating, but are incompatible with higher temperature 

precursor or mesoporous annealing conditions. Low 

temperature work by Song et al. and Qi Jiang et al. have 

demonstrated up to 21.6% PCE using commercially available 

SnO2 nanoparticles. 34-36 As flexible modules and roll to roll 

processing become more common, colloidal SnO2 nanoparticles 

have been deemed a promising route to formulate the ETL for 

flexible PSCs. The utilization of nanoparticles circumvents the 

high-temperature sintering process, which would otherwise be 

integral in the transition from precursors to SnO2 films. 

Additionally, pre-synthesized nanoparticles can be suspended 

in an array of solvents that are compatible with PVSK enabling 

direct coating on the PVSK layer to serve as an upper charge 

transport layer (CTL). Consequently, the utilization of pre-

synthesized SnO2 nanoparticles simplifies the process and holds 

the potential to shorten the total fabrication time.  

The synthesis of SnO2 nanoparticles is generally achieved 

through precipitation, solvothermal, hot injection, and the 

inverse micelle-water injection methods.32, 33, 37, 38 These 

processes result in the formation of pre-synthesized SnO2 

nanoparticles, which are subsequently deposited onto a 

substrate to form a film. A distinct advantage of synthesized 

nanoparticles is the ability to engineer surface ligands and 

solubility to fit a desired application (Table 1). An example of 

this is the work of Xie et al. where they developed highly 

crystalline SnO2 nanoparticles with superior dispersibility in 

non-polar solvents utilizing a solvothermal method. Using spin-
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coating they were able to deposit a high quality SnO2 film on 

ITO-PEN that had a PCE of 13.90%33 Park et al. engineered 

ultrafine SnO2 quantum dots (QD) capped with a liable ligand 

where the ligands spontaneously exchanged with halides in a 

PVSK solution as part of the coating process, leading to an 

appropriate SnO2 QD–halide junction resulting in a PCE of 17.7% 

with a short circuit current density (Jsc) of 19.7 mA cm−2, open 

circuit voltage (Voc) of 1.13 V, and a fill factor (FF) of 79.0%. 32 

Along with ligands and solubility, the electrical properties of 

nanoparticles can be tuned by the introduction of dopants to 

the crystal lattice. Doping of semiconducting metal oxides (MOx) 

effectively modulates electrical properties such as carrier 

concentration and electron mobility, in addition to altering 

optical and structural properties. Common doping 

methodologies can be categorized as equivalent cation doping 

in which the material is doped with an ion of the same oxidation 

state, and nonequivalent cation doping in which the material is 

doped with an ion of higher or lower oxidation state. Equivalent 

cation doping improves defect densities, improves carrier 

mobility, and induce alterations in the energy band structure, 

which can lead to diminished trap-state density and promoted 

energy band alignment with PVSK. Noh et al. demonstrated Zr 

doping in SnO2 that resulted in a conduction band up shift which 

increased the built in potential and improved the band 

alignment with the PVSK with a champion device achieving a 

PCE of 19.54%.39  

Nonequivalent doping directly effects the electron density of 

the conduction band. Specifically, the incorporation of lower 

valence cations such as Li+,47 Mg2+, Zn2+,48 Y3+, and Al3+ into the 

crystal lattice of tetravalent Sn4+ or Ti4+ results in p-type doping, 

while the incorporation of higher valence cations like Nb5+, 49 

and W6+ yields n-type doping. The incorporation of higher 

valence cations, n-type doping, enhances the electron density 

causing a more positive shift in the conduction band. Together 

the shifted conduction band and increased electron density 

increase film conductivity.40, 50, 51 Ren and associates report a 

2.44% increase in PCE using Nb-doped SnO2. 49 P-type doping 

decreases the electron density of the conduction band while 

upshifting the Fermi level and decreasing the oxygen vacancies. 

This promotes electron transport while impeding charge 

recombination at the ETL/PVSK interface. 48 Yang et al. reported 

Table 1: Survey of recent works using SnO2 as the ETL. SC: Spin-coating,  

Regular (P-I-N) architecture 

Device architecture ETL Deposition Processing Jsc Voc FF PCE Ref 

Sb:SnO2/ MAPbI3/ spiro-

OMeTAD/ Au 
NC SC 100⁰C, 30 min 22.6 1.06 72.0 17.2 

40 

PEN/ ITO/ MAPbI3/ spiro-

OMeTAD/ Au 
NC SC 80⁰C, 15min 19.7 1.13 V 79.0% 17.7% 

32 

ITO/ SnO2/ 

(FAPbI3)x(MAPbBr3)1−x/ Spiro-

OMeTAD/ Au 

NC SC 150⁰C, 30 min 24.87 1.09V 74.77% 20.27% 

35 

ITO/ SnO2/ 

(FAPbI3)x(MAPbBr3)1−x/ Spiro-

OMeTAD/ Au 

NC SC 150⁰C, 30 min 25.2 1.18 78.4% 23.32% 

13 

ITO/ SnO2/ MAPbI3/ Spiro-

OMeTAD/ MoOx/Ag 
NC Slot-die Air-knife, IPL 23.70 0.91 52.0 11.24 

41 

ITO/ SnO2/ MAPbI3/ Spiro-

OMeTAD/ Au 
NC Blade 100⁰C 22.86 1.124 76.17% 19.6 

42 

ITO/SnO2/ Cs0.05 

FA0.85MA0.15PbI2.9Br0.15/ Spiro-

OMeTAD/Au 

NC Spray 150⁰C, 30 min 23.35 1.14 66.6 17.78 

43 

Inverted(N-I-P) architecture 

glass/ ITO/ NiOx/ MAPbI3/ 

ZnO/ Al 
NC SC N/A 21.0 1.01 76 16.1 

44 

Glass- ITO/ PTAA/ PFN/ 

MAPbI3/ SnO2-A/Ag. 
NC Blade 100⁰C, 10 min 22.6 1.02 61.0 14.1 

45 

PET/ ITO/ PTAA/ PFN/ 

MAPbI3/ Y:SnO2-A/ BCP/ Ag 
NC Blade 

100⁰C for 2 

min 
22.38 1.08 68.4% 16.5% 

12 

PET/ ITO/ PTAA/ PFN/ 

FAMAPbIBr/ Y:SnO2-A/ BCP/ 

Ag 

NC Blade IPL 23.7 1.09 65.7 16.9 

46 

Page 4 of 14ChemComm



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

the Y doping led to a more positive conduction band minimum 

in Y-SnO2 improving conductivity and charge extraction. 52  

As mentioned before, one of the benefits of nanoparticles is 

their adaptability to a variety of solution deposition methods. 

Solution deposition methods are widely employed due to their 

cost-effectiveness, ease of implementation, and versatility. 

Various deposition methods, including spin-coating, chemical 

bath deposition (CBD), spray pyrolysis, screen printing, blade-

coating, and slot-die coating, can achieve solution-processed 

deposition.53-55 Currently spin-coating is the most common 

method utilized in lab scale research but interest is increasing in 

larger area depositions. A recent study by Siegrist et al. on the 

effect of blade coating parameters including blade speed, blade 

gap, ink concentration and volume, and stage heating. They 

conclude that of blade coating of large area devices is best 

performed using a continuous solution supply with blade 

coating and further development of slot die coating.56 

Bu et al. demonstrated an interface passivation strategy with 

potassium treatments for SnO2 ETLs to obtain high-efficiency 

and hysteresis-free low-temperature fabricated PSCs. After the 

treatment of pre-synthesized SnO2 with potassium, they were 

able to achieve a PCE of 20.50% for rigid PSCs and a PCE of 

17.18% for flexible PSCs on a small area device of 0.16 cm2. 

Additionally, they also obtained a high PCE of 15.22% for flexible 

PSCs based on slot-die-coated commercial SnO2 and a PCE of 

14.89% with their synthesized SnO2 NCs. The addition of the K 

ions in the interface forms KBr that thus passivates the surface 

defects of the PVSK to promote high performance and 

hysteresis-free properties. 57 

Dou et al. demonstrated blade coating of a commercial SnO2 

nanoparticle dispersion achieving a PCE up to 19.6% with an Voc 

of 1.124 V. Using a slot-die coating on glass-ITO/SnO2, they 

achieved a PCE of 17.31% and Voc of 1.111 V, and FF of 69.5%.42 

Taheri et al. developed a simple and scalable deposition 

approach based on automated spray-coating to prepare 

uniform and dense SnO2 ETLs achieving a PCE of 15.3% on a 

flexible substrate with reduced device hysteresis.58  

In the space of scalable deposition methods, we have explored 

the use of ink jet printing and roll to roll slot die coating. 

Working with a commercially available water based SnO2 

suspension, we demonstrated successful SnO2 coatings, 

annealed using intense pulsed light (IPL) annealing. The 

advantage of IPL annealing lies in its rapid delivery of high 

energy density over a short interval of time. By applying IPL 

annealing on ink jet printer SnO2 we were able to create a 

uniform film on a glass substrate.59 On our roll to roll slot die 

coater, we use a ITO-PET substrate and are able to test large 

area coatings. We found that the due to the decreased thermal 

mass of PET as compared to glass, a lower pulse intensity 

pattern was required for effective annealing without warping of 

the PET. Additionally the addition of a surfactant was necessary 

to achieve appropriate wetting on the ITO surface. Using 

optimized parameters for slot die coated SnO2 and perovskite 

we achieved an average PCE of 10.6%, Voc of 0.97 V, Jsc of 22.9 

mA/cm2 and FF of 47% for 1 cm2 cells taken from across a 1 

meter length of film.41 

SnO2, processed through a solution-based method, has been 

extensively validated as an ETL material in conventional (n−i−p) 

structures, with thin films of SnO2 ETL being directly deposited 

onto the conductive substrate. However, the direct deposition 

of solution-processed SnO2 as an ETL on the top of the PVSK in 

the p-i-n structure remains relatively unexplored. The lack of 

direct deposition of solution-processed SnO2 ETLs in p−i−n 

structures can be ascribed to the solvent incompatibility with 

the PVSK absorber layer.44, 60, 61 The selection of PVSK-

compatible solvents is limited, excluding highly polar solvents 

that are typically requisites for preparing SnO2 dispersions. 

Additionally, the conversion of the precursor to SnO2 on the 

PVSK surface necessitates prolonged high-temperature 

annealing, which could potentially instigate the degradation of 

the underlying PVSK layer. 

In most instances, MOx is deposited onto an organic ETL, 

resulting in bilayers such as PCBM/ZnO, C60/SnO2, and 

PCBM/SnO2. You et al. reported the development of solution-

processed highly stable inverted PSCs, employing p-type NiOx 

and n-type ZnO nanoparticles as hole and electron transport 

layers, respectively. The inverted PSCs, configured as 

glass/ITO/NiOx/PVSK/ZnO/Al, demonstrated a notable PCE of 

16.1%, retaining 90% of the original PCE following 60 days of 

storage in ambient air at room temperature. 44 

The stability of pre-synthesized MOx nanoparticle dispersions in 

desirable solvents can be achieved via the coordination of 

ligands with MOx nanoparticles. However, the presence of bulky 

organic ligands introduces an electrical barrier within the film, 

mitigating the charge transfer capability of the CTL, and thereby 

diminishing the overall efficiency of the PSC. To address these 

challenges, we developed a simple strategy to facilitate the 

direct deposition of SnO2 on the PVSK (Figure 2). 

We synthesized SnO2 nanoparticles via a sol-gel technique and 

subsequently functionalized with acetic acid, yielding acetate-

functionalized tin oxide nanoparticles (SnO2-A). This 

functionalization permitted the formation of a stable colloidal 

dispersion of SnO2-A in anhydrous ethanol. The resultant SnO2-

A dispersion was directly deposited onto a PVSK film. The 

photovoltaic performance of devices fabricated using this 

approach attained a maximum PCE of 14.1%.45 Device efficiency 

was impeded by a relatively high series resistance, a 

consequence of insufficient crystallinity associated with the 

lower-temperature annealing employed for the solution-

processed SnO2 nanoparticles in contrast to the high-

temperature annealed SnO2. To enhance the performance of 

the low-temperature synthesized SnO2, yttrium was  

incorporated into the SnO2 crystal lattice at an optimized 

concentration of 2 mol%. After the yttrium doping, the 

performance of the low-temperature processed flexible PSCs on 

PET-ITO substrates increased from 14.3% to 16.5% (Figure 3a).12 

The extended annealing time required by different layers 

constitutes a significant limiting factor for the rapid, scalable 

production of PSCs on flexible substrates utilizing high-

throughput printing techniques such as the roll-to-roll method. 

To address this area, we implemented IPL for rapid annealing of 

the PVSK absorber layer. Utilizing rapid IPL annealing of the 

PVSK active layer and top coated Y:SnO2-A we achieved a PCE of 
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16.7% for blade-coated, flexible, mixed-cation PSCs on ITO-PET 

substrates in a p-i-n structure (Figure 3b).46 Annealing of the 

SnO2 was facilitated by the PVSK absorbing the photonic energy 

of the IPL and super heating at the surface.  

Overall, pre-synthesized SnO2 nanoparticle dispersions are 

emerging as an ideal material for the ETL in PSCs. The 

employment of nanoparticles circumvents the need for a high-

temperature sintering process, typically obligatory in the 

conversion from precursor to SnO2 nanoparticles. The low-

temperature fabrication methodologies associated with SnO2 

emphasize its suitability for the development of flexible PSCs on 

substrates comprised of low-melting PET. Nevertheless, the use 

of SnO2 nanoparticles as an ETL in PSCs has predominantly been 

as a base layer directly on the substrate. Our work has shown 

promise for the direct deposition of SnO2 onto the PVSK layer 

and further development in this area is ongoing.  

The main challenges in the adoption of SnO2 as an ETL in p-i-n 

devices are solvent incompatibility with the perovskite layer 

and annealing conditions. Solvent incompatibility can be 

addressed through ligand design as demonstrated with SnO2-A. 

Annealing is a major issue as SnO2 nanoparticles that are either 

left unannealed or annealed at low temperatures tend to suffer 

from poor conductivity and overall diminished performance. 

Thus, future research endeavours should prioritize the 

enhancement of these nanoparticles' performance. One 

possible avenue for such improvement could involve modifying 

the electronic properties through elemental doping or by 

annealing low temperature processed SnO2 ETL. The traditional 

method of hotplate annealing proves ineffective for annealing 

SnO2 on the perovskite layer due to the degradation of 

perovskite at high temperatures. Thus, it becomes necessary to 

explore alternate annealing techniques apart from hotplate 

annealing, such as the Intense Pulsed Light (IPL) method. 

Annealing of the SnO2 layer is also critical for device durability 

as incomplete annealing can exhibit porous characteristics, 

potentially falling short of providing an adequate barrier to 

prevent interaction between the top metal contact and 

perovskite. Hence, further studies are needed to understand 

the possible interaction at the perovskite/SnO2/silver interface. 

The potential interaction can be circumvented by engineering 

an appropriate interface between either the perovskite and 

SnO2, or the SnO2 and Ag. Lastly, a critical area of study is the 

long-term stability of PSCs when using SnO2 as the top layer. 

This investigation is vital to ensure the extended functionality 

and viability of these solar cells. 

 

2.2 Hole Transport Layer 

Materials for the HTL can include organic compounds, such as 

2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-

spirobifluorene (spiro-OMeTAD), poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT-PSS), 

polytriarylamine (PTAA), and polythiophene (PT), and inorganic 

metal oxides.62-65 Of the latter, NiOx is an attractive candidate as 

it has a tunable valence band sitting at 5.2 eV and a band gap of 

3.5 eV that is well aligned for proper p-type conduction with the 

PVSK valence band of ~5.4 eV for MAPbI3.
65 As such, NiOx 

nanoparticle suspensions are widely used in PVSK research; 

often as independent HTLs or in conjunction with organic 

polymers.66 Coated primarily by spin-coating, many devices 

exceeding 20% on both glass and flexible substrates have been 

produced using NiOx.66-72 

From a fabrication perspective, controlling film formation to 

ensure a uniform surface for PVSK growth is highly important in 

reducing propagation of defects, such as pinholes. Defects in 

the HTL can result in drops in the Voc and shunt resistance and 

significant increases in series resistance. This is especially a 

challenge for the fabrication of NiOx HTLs from nanoparticle 

solutions using blade coating or slot die coating, which to date 

have not surpassed spin-coated devices in performance. 

However, progress is being made and Yang et al. reported in 

2022 a PCE of 19.87% on a fully blade coated flexible stack.67 

Thus developing methods to optimize the NiOx/PVSK interface, 

improve film uniformity, control band alignment and 

conductivity are all active areas of NiOx research.  

While our focus is on nanoparticles, we would be remiss to 

ignore work that has been done with precursor deposition 

methods. Precursor deposition is a popular method for NiOx film 

formation as it by passes the often-tedious cleaning process and 

directly forms the NiOx film on the desired substrate. This has 

the advantage of being able to form highly uniform films with 

few defects.73-77 However, this method has a high thermal cost 

(300-600 °C) and long annealing time (1-3 hours) that make it 

incompatible with flexible substrates. Work with photonic 

curing by Piper et al. has presented some promising results by 

reducing the annealing time to several seconds instead of 

hours.77 However, there is still space for significant 

Figure 2. (a–c) Schematic illustration of the synthesis of hydrous-SnO2, 

functionalization of hydrous-SnO2 with acetic acid to yield SnO2-A, and preparation 

of a stable colloidal dispersion in anhydrous ethanol and (d,e) XRD patterns and FTIR 

spectra of hydrous-SnO2 and SnO2-A. Reprinted with permission from S. Chapagain, 

P. S. Chandrasekhar, D. McGott, R. C. Bramante, M. F. van Hest, M. O. Reese, T. 

Druffel and C. A. Grapperhaus, ACS Applied Energy Materials, 2021, 4, 10477-10483. 

Copyright 2021 American Chemical Society. 
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development from their work as they were only able to produce 

devices with about 12% PCE. A recent example of work done 

using precursor inks, is the work of Li et al. with utilizing urea to 

passivate surface defects on the NiOx surface. Their resulting 

devices achieved a champion PCE of 23.61% and a FF of 85.4%.  

While precursor-based inks have demonstrated remarkable 

efficiency, so to have nanoparticle-based inks without the high 

thermal cost. Our work has focused on moving to scalable 

deposition methods on flexible PET substrates so accounting for 

this high thermal cost has directed our current work to lower 

temperature options. An advantage of working with 

nanoparticles is the versatility they offer as composite coatings 

with other HTL materials or by functionalization of the particle 

surface. An active area of current research is in the passivation 

of defects at the NiOx/PVSK interface. Whether by doping or 

introducing a passivator into the NiOx ink prior to coating, 

nanoparticles can be customized to address the specific needs 

of the application.  

The most common method for synthesizing NiOx nanoparticles 

is the low temperature precipitation method.64, 66, 69-72, 78, 79 In 

general a nickel salt is dissolved in water then precipitated by 

the addition of base to form Ni(OH)2. The cleaned Ni(OH)2 is 

then annealed at >270 °C to convert to the oxide, and 

suspended in water for coating. Controlling the particle surface 

through selection of the counter anions or introduction of 

ligands to the reaction mixture is critical for forming small, 

stable particles. In 2021, Guo et al. demonstrated an average 

2% PCE increase when using nitrate vs chloride.70 Their further 

analysis shows a direct relationship between ink stability and 

the identity of the initial counter anion. Addition of ligands prior 

to precipitation has also been shown to effectively control 

particle growth.80 Cui et al. has taken this one step further by 

using alkylammonium hydroxides as the base to introduce 

alkylammonium ligands during precipitation.66 The resulting 

particles were tuneable within a couple of nm in size and had a 

valence band maximum downshift of 0.26 eV. Their champion 

devices reached a PCE of 22%, with a duel NiOx/PTAA HTL layer.   

An alternative synthetic method, solvothermal synthesis, offers 

more control to the synthesis conditions. Usually centered 

around decomposing or reducing an oxygen containing metallo-

organic salt, reactions are carried out at high temperatures and 

often in the presence of secondary reducing agents. The added 

control comes from the organics acting as coordinated ligands 

controlling particle growth.81, 82 While solvothermal synthesis 

can provide control over particle morphology and properties, 

the poor atom economy, high energy costs and often poor 

yields make this synthesis route undesirable for larger 

applications and we discourage its use for future perovskite 

development.  

Figure 3: a) Image of flexible PSC and associated JV curve of champion p-i-n using solution processed SnO2, with forward and reverse scan demonstrating low 

hysteresis. Reprinted (adapted) with permission from S. Chapagain, B. Martin, P. Armstrong, C. L. Perkins, M. O. Reese, T. Druffel and C. A. Grapperhaus, ACS Appl. 

Mater., 2023, 6, 4496-4502. Copyright 2023 American Chemical Society. b) JV curve of IPL annealed mixed cation perovskite and box plot showing effective IPL 

annealing of mixed cation perovskite and SnO2. Reprinted (adapted) with permission from B. Martin, S. Chapagain, P. Armstrong, C. A. Grapperhaus, M. O. Reese 

and T. Druffel, ACS Appl. Mater., 2023, DOI: 10.1021/acsaem.3c00134. Copyright 2023 American Chemical Society. 
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An additional property that is important to control in the 

particles during synthesis is the Ni2+/Ni3+ ratio, which produces 

the innate p-type character of NiOx.63, 83-85 Doping with 

transition metals such as Co,86 V,87 and Cu,69, 84 have been found 

to induce changes the Ni2+/Ni3+ ratio while also improving 

conductivity.85 A seminal investigation by Chen et al. in 2018 

revealed important insights into the mechanism of Cu doping.84 

Utilizing DFT to calculate the density of states, they found a shift 

in gap state positions of NiOx from 1.3 -2.0 eV to 0.7eV in 

Cu:NiOx. This shift resulted in shallower acceptor levels which 

would likely lead to improvements in conductivity and the work 

function. Investigations by XPS showed no significant change in 

the Ni2+/Ni3+ peak ratio, which was observed in prior studies, 

but did confirm the presence of both Cu2+ and Cu+ indicating 

that the change in conductivity is likely related to the copper 

oxidation state.88 The exact mechanism for increasing 

conductivity from transition metal doping is still debated but 

studies like Zhang et al. on Li doped films in 2018 help to identify 

contributing features for alkali metal doping. They found that 

the addition of Li increased hole type carriers while shifting the 

valence band maximum towards the Fermi energy.89  

While optimizing the ratio of Ni2+/Ni3+ is important for high 

charge carrier density and conductivity, Ni≥3+ at the PVSK 

interface has been found to induce device degradation. First 

reported by Boyd et al. in 2020, the presence of Ni≥3+ sites at the 

film surface are highly reactive oxidants that can degrade the 

PVSK rapidly.90 A similar report by Hsu et al. in 2020 also 

demonstrated this degradation by tracking reaction byproducts 

by MS-FTIR.91 Boyd and Hsu both found that degradation is 

taking place through the A site cation with reactions being 

localized at the PVSK surface. 

Our work to date has focused on developing ligands for 

stabilizing NiOx in non-aqueous solvents such as chlorobenzene. 

This work took inspiration from studies by Liang et al. and Liu et 

al., both of which utilized long chain carboxylic acids with 

varying success.81, 92 Starting from a solvothermal synthesis, we 

selected long alkyl chains functionalized with xanthates with the 

target of creating a micellular environment for the NiOx 

particles. We found instead that we were able to stabilize the 

NiOx particles by the addition of triethylamine and ethanol with 

mild heating (Figure 4). While effective at stabilizing our 

particles as dispersions in non-aqueous solvents, we were 

unable to produce functional devices of n-i-p configuration due 

to passivation of the PVSK surface that hindered charge 

extraction.93 When deposited in the p-i-n configuration, device 

performances up to 14.47% PCE were obtained. Our current 

work is looking at further NiOx formulations with a focus on 

optimizing interfacial compatibility. As such, we are exploring 

the effects of doping and interfacial passivation. 

To date spin-coated films have made up the majority of NiOx 

coatings (Table 2).64, 94-98 While spin-coating is effective at 

forming uniform coatings, this method limits scalability and the 

results are often difficult to translate to larger area deposition 

methods.46. Other methods being explored are spray 

pyrolysis,76 blade/meniscus coating,67, 93, 99 and slot die roll to 

roll.100 Our work has been exclusively centered on blade coating 

films. We have found film uniformity is significantly affected by 

the particle composition as that will in turn effect annealing 

conditions and interface defects. An example of this is seen in 

Figure 5 where we observed changes in film morphology based 

on particles composition. 

While annealing free devices have been known for decades 

using particles prepared by precipitation, the addition of ligands 

or solvothermal based ligands require thermal annealing 

following deposition.68, 69, 72, 101, 102 Annealing plays an important 

role in controlling the Ni2+/Ni3+ ratio. One drawback of the post 

treatment free approach is the lack of control of this ratio. To 

address this challenge, the use of UV-O3 post treatment is being 

explored in solgel systems.87, 103, 104 In 2017 Islam et al. studied 

the effects of UV-O3 treatment on NiOx films in which they 

analyzed the change in resistance and XPS peak intensity in 

relation to treatment duration. They found 10-fold reduction in 

resistance after 10 min of UV-O3 treatment, then 10-fold again 

after 60 min of treatment. They also reported a significant shift 

in the Ni2+/Ni3+ ratio with increasing Ni3+ species found. Using 

glancing angle XPS they identified that the Ni3+ is predominantly 

generated at the film surface, but that it penetrates the film 

bulk as well.103 Taking note of these results and applying similar 

methods to nanoparticles based films could be advantages for 

continued improvements. To date our reported work has been 

restricted to high thermal treatments due to the high 

temperature anneal that was necessary to remove our 

supporting ligands.  

The future of NiOx nanoparticles is optimistic but is still facing 

several material and process challenges. First material challenge 

that needs to be addressed is improving film conductivity while 

not accelerating degrading of the perovskite by over exposure 

to Ni3+. As discussed, doping has shown promise in addressing 

this issue but have fallen short with secondary organic 

passivators still required to improve device stability. There is 

significant space available for exploring particle ligands or 

passivator film design. To date incorporation of Lewis basic 

moieties such as amines and thiols has proven effective at 

coordinating to the NiOx surface and providing a bridge to the 

perovskite. Furthermore, organic HTL’s with internal molecular 

dipoles have shown to increase Voc while reducing hysteresis.105 

Incorporating internal dipoles into material design could further 

improve the NiOx/PVSK interface. If the nanoparticle ligands are 

designed to assist conductivity and fermi level alignment in 

addition to controlling particle size and ink stability, then 

removing ligands post deposition will not be necessary. This 

leads to the first process challenge, post process annealing. 

While conventional annealing is compatible with glass-based 

substrates, as flexible substrates and high throughput 

development expands, large ovens and high temperatures are 

less practical. Rapid annealing methods such as UV-ozone, 

ozone plasma, or IPL can create the highly oxidative 

environments necessary to achieve the desired increase in 

conductivity at shorter time scales.  
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The annealing challenge is further compounded when looking 

to apply NiOx in the n-i-p configuration, another material 

challenge. While p-i-n is the default stack for NiOx, there are 

some examples with an inverted n-i-p stack. To date, effective 

devices have only been demonstrated using vacuum methods 

such as sputtering or thermal evaporation to deposit NiOx on 

top of the PVSK layer. Attempts utilizing long chain ligands to 

disperse NiOx in PVSK compatible organic solvents have failed 

to result in high performing devices with best champion device 

reported by Pirzad et al. with a champion PCE of 12.6%. In that 

study, they were unable to get higher efficiency due to low Voc 

(0.88V) and FF (60%) that resulted from the incorporation of 

oleic acid in their ink formulation.78 Instead of trying to suspend 

the extremely hydrophilic NiOx in chlorobenzene based 

Table 2: Survey of recent works using NiOx as the HTL. SC: Spin-coating   

Regular (P-I-N) architecture 

Device architecture HTL Deposition Processing Jsc Voc FF PCE Ref 

Glass/ ITO/ NiOx-Urea/ 

CsFAMAPbI3/ BzMIMBr/ C60/ 

BCP/ Ag 

Precursor 
Spray 

Pyrolysis 
400C, 20 min 24.04 1.15 85.4 23.61 

76 

glass/ ITO/ NiOx/ triple-cation 

perovskite/ PC61BM/ ZnO NPs/ Ag 

Precipitation, 

Precursor 
SC 

350C, 30 min or 

300C, 45 min 
24.34 1.06 79.18 20.45 

106 

Glass/ NiOx/ CsFAMAPbIBr/ 

PCBM:C60/ BCP/ Au 
Precipitation SC 100C, 10 min 23.49 1.15 84.68 22.81 

101 

Glass/ ITO/ NiOx/ PTAA/ 

CsFAMAPbIBr/ PCBM/ Ag 
Precipitation SC 150C, 20 min 24.52 1.13 82 22.71 

66 

Glass/ ITO/ NiOx/ CsFAMAPbIBr/ 

C60/ BCP/ Cu 
Precursor SC 

180C, 10 min+ 

400C, 45 min or 

UV lamp 10min 

24.25 1.126 82.19 22.45 

104 

Glass/ ITO/ NiOx/ CBSA/ 

CsFAMAPbIBr/ PCBM/ BCP/ Ag 
Precipitation SC 130C, 20 min 23.72 1.11 81.43 21.8 

107 

Glass/ ITO/ NiOx/ TMPA/ MAPbI/ 

PCBM/ BCP/ Ag 
Precipitated SC No Anneal 23.7 1.07 80.4 20.4 

102 

PEN/ hc-PEDOT:PSS/ NiOx/ 

Cs0.05FA0.85MA0.10Pb(I0.97Br0.03)3/ 

PCBM/ Ag 

Precipitation 
Blade 

Coated 
130 C, 30 min 23.74 1.12 74.7 19.87 

67 

Glass/ ITO/ Li:NiOx/ NiOx/ 

FAMAPbIBr/ PCBM/ BCP/ Ag 
Precursor SC 

120 C, 10 min + 

2nd coat 450 C, 

1h 

23.22 0.99 82.83 19.04 

74 

Glass/ ITO/ V:NiOx/ MAPbI3/ 

PCBM/ BCP/ Ag 
Solvothermal SC 

25C, 15 min + 

UV-V 20 min 
19.81 1.04 75 15.45 

87 

Glass or PET/ ITO/ NiOx/ MAPbI3-

xClx / PCBM-C60/ Zracac/ Ag 
Precipitation SC No Anneal 

23.16/ 

22.02 

1.11/ 

1.06 

81/ 

78 

20.83/ 

18.16 

69 

Glass/ ITO/ NiOx/ 

Cs0.05MA0.16FA0.79Pb1.03(Br0.16I0.86)3/ 

LiF/ C60/ BCP/ Ag 

Precursor, 

Sputtered, 

Precipitation 

SC 

Precursor: 400C, 

50 min; 

Nanoparticles: 

No Anneal 

19.56 1.15 84.7 19.06 

90 

Inverted(N-I-P) architecture 

Glass/ ITO/ TiO2/ MAPbI/ NiOx/ Au Precipitation SC 100C, 5 min 23.59 0.885 60.1 12.57 
78 

Figure 4. Reaction scheme demonstrating the functionalization of synthesized 

NiOx nanoparticles with xanthate ligands and dispersion into chlorobenzene 

solutions. Used with permission of Nanotechnology, from "Solvation of NiOx for 

hole transport layer deposition in perovskite solar cells." Armstrong, P. J., et al 

33(6), (2021); permission conveyed through Copyright Clearance Center, Inc 
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solutions, we propose looking at more polar options such as 

short chain alcohols. Based on our work with SnO2, short chain 

alcohols have been shown to be compatible with the PVSK 

surface and would require significantly shorter ligands to 

successfully suspend NiOx.  

Transitioning away from spin coating to more scalable methods, 

like slot die coating, present a significant process challenge. 

Nanoparticles have a distinct advantage over traditional 

precursor inks when deposited at scale in that they have a lower 

thermal requirement for post deposition annealing. Particles 

with low or no annealing requirements are ideal for large scale 

flexible coatings but this is dependent on ink formulation. 

Current ink formulations are aqueous suspensions with 

particles stabilized electrostatically. This formulation is effective 

for spin coating but presents severe wetting issues when taken 

to large area coatings or high-speed coatings. Inks need to be 

formulated with surface wetting, and film drying in mind as well 

as particle stability. Like our suggestion for developing inks for 

n-i-p, we recommend looking into short chain alcohol for high 

wetting and fast drying solvents. The addition of ligands to the 

particle matrix needs to be done with caution as they directly 

affect the packing dynamics of the particles and are hard to 

remove once coated on flexible substrates. For this reason, we 

recommend the use of interfacial passivator films to address 

uniformity issues and initial particle size control over the 

inclusion of current common ligands or surfactants. Despite the 

shortcoming listed here NiOx is the material best suited for 

large, scaled roll out.  

 

2.3 Encapsulation 

Perovskite solar cells are sensitive to moisture, oxygen, 

temperature, and UV. To overcome these problems, 

encapsulation is often utilized. Encapsulation protects the solar 

cell by creating a barrier that delays contact between the 

ambient air and cells.108 There are various types of 

encapsulation techniques that have been developed to improve 

the stability of PSCs under humid conditions. These include 

glue-based lab encapsulation, lamination-based COM 

encapsulation, and thin film encapsulation.109, 110  

Thin film encapsulation are thin compact hydrophobic coatings 

traditionally composed of hydrophobic polymers. They are 

considered the most promising encapsulation method for 

flexible devices. Thin film encapsulants are light weight, flexible, 

cost effective, and can be compatible with roll-to-roll 

manufacturing. They can be used in portable and wearable 

devices too.  

In a recent study of thin film encapsulation, Han et al. reported 

on the effect of poly(methyl-methacrylate) PMMA/reduced 

graphene oxide (rGO) composite as a passivation layer. The 

interaction of hydrophilic rGO and hydrophobic PMMA polymer 

created a hydrophobic surface that hinders the diffusion path 

of H2O, O2, and other gases into the PVSK.111, 112 Jang et al., used 

two fillers, SiO2 and graphene oxide (GO) in poly(vinyl-co-

ethylene) EVOH to decrease moisture penetration. A UV-

treatment of SiO2 helped to increase its dispersion in the 

precursor solution, while the use of EVOH made the penetration 

path of water more intricate. This decreased the water vapor 

transmission rate (WVTR) value to 1.55 x 102 g/m2day from 4.72 

x 10-2 g/m2day. Moreover, the addition of GO decreased the 

hydroxyl groups on the surface of EVOH thus decreasing its 

hydrophilicity. Utilizing both fillers, GO and SiO2 in EVOH further 

improves the WVTR value to 3.34 x 10-3 g/m2day.113 

Our group has explored the use of graphene/polyaniline (PANI) 

composite as an encapsulating coating. We compared stability 

and performance of devices with graphene/PANI composite 

with devices having only multi-functional graphene or PANI. To 

test PVSK stability, samples were monitored by PXRD after aging 

in the presence of 99% RH air for 2 days. No degradation was 

observed in the graphene/PANI composite sample. When PANI 

was used alone there was complete loss of the PVSK peaks and 

the appearance of the peak at 12.6° indicating PbI2 formation. 

When graphene was used alone, there was a decrease in peak 

intensity for the PVSK and the appearance of graphene peaks as 

shown in Figure 6a indicating some degradation but not 

complete decomposition.  

Investigating the effect on current density-voltage curves 

showed a rapid decline in the Jsc and Voc in unencapsulated 

samples. After 1 hour no photovoltaic behavior was observed. 

In encapsulated samples we found that by coating a 2-4 µm 

thick layer degradation was stopped. By repeating the spin-

coated depositions, the thickness of the coated film could be 

tuned. When comparing thickness of the encapsulation layer, 

stability was found to improve with thickness. This is because 

film thickness increases the tortuosity of the diffusion path by 

which water molecules enter the PVSK and causes degradation 

as shown in Figure 6b. 114 

Looking at materials that could be used in the future, graphene 

oxide or fullerenes composited with other carbon 

nanomaterials like carbon nanotubes (CNTs) and carbon black 

hold promise. In a CNT/graphene composite CNTs would act as 

reinforcement agents to provide the ink with mechanical 

Figure 5. a) TGA of 12X ligand as a solid and the 12X ink as a thick film confirming 

degradation of the xanthate at temperatures above 300 °C. b-d) SEM images of 0X, 

12X, and 18X films prepared by blade coating showing changes in film uniformity in the 

presence of xanthate ligands. Scale bars are 5 µm. Used with permission of 

Nanotechnology, from "Solvation of NiOx for hole transport layer deposition in 

perovskite solar cells." Armstrong, P. J., et al 33(6), (2021); permission conveyed 

through Copyright Clearance Center, Inc.  
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strength, meanwhile the exceptional barrier properties and 

high transparency of graphene oxide help to enhance the 

overall performance and stability of the encapsulated PVSK 

solar cells. Similarly, graphene oxide with carbon black 

composite could be another good encapsulant for PSCs. Carbon 

black is a highly conductive and stable carbon nanomaterial. 

Carbon black particles well dispersed within the graphene oxide 

matrix would improve the electrical properties and enhance the 

overall stability of the PVSK solar cell. The value of improving 

the electrical properties of the encapsulation lies in replacing 

the back contact electrode and having a dual-purpose 

electrode/encapsulation layer. The deposition of graphene 

oxide-based composites by blade coating could help remove 

vacuum processing steps from current fabrication methods This 

would reduce material costs and processing steps for PSCs 

manufacturing. 

Further improvement of barrier properties could be achieved by 

incorporating inorganic NPs or a mixture of NPs with 

hydrophobic polymers. Inorganic nanomaterials with good 

barrier properties such as SiO2, TiO2, and Al2O3 have lower 

values of WVTR and oxygen transmission rate.  

To date thin film encapsulates have been deposited by spin 

coating. Due to their solution processibility they are compatible 

with scalable processes like blade coating, inkjet printing, etc. 

As a result, the transition from laboratory scale to large 

industrial scale production appears promising in the future.  

3.0 Summary and Future Perspective  

Nanoparticles are an ideal material candidate for the CTL layers 

for a perovskite device based on their scalability, formulation 

control and aligned optoelectronic properties as demonstrated 

in this review article. The utility of nanoparticles in several 

layers of a PVSK device have been discussed in this feature 

article. Specifically, SnO2 and NiOx nanoparticles were discussed 

at length as charge transport layers due to their suitable band 

alignments, charge carrier mobilities and stability. A variety of 

synthetic methods are discussed for each material in relation to 

ink formulation and device performance. The versatility of 

nanoparticles provides significant opportunity for doping and 

ligand design to further improve the electronic properties and 

particle stability. These materials have also been discussed in 

the context of material scalability with emphasis being placed 

on blade coating and slot die coating methods. Also reviewed, 

is the use of carbonaceous composite encapsulation layers as 

solution processed thin film encapsulate in PSCs.  

SnO2 inks have been demonstrated with yttrium doping and 

functionalization for deposition directly onto a PVSK film, 

yielding a functional device of over 16%. Device performance 

can be further improved with continued research in doping or 

annealing of films. However, with moving to the top PVSK 

surface there are several new challenges that need to be 

addressed. Traditional hotplate and thermal annealing are 

ineffective at sintering SnO2 particles without degrading the 

perovskite when coated as a top layer. Alternative rapid 

annealing methods like IPL should be explored. Additionally, 

packing of nanoparticles with low or no annealing is prone to 

film porosity. This could also be addressed through sintering or 

the development of a suitable interfacial coating. 

NiOx has demonstrated itself as a highly effective HTL with wide 

application in p-i-n architectures and spin coating applications. 

Transitioning NiOx to wide area deposition methods still 

presents several significant challenges in ink stability and post 

annealing. A more in depth understanding of the NiOx particle 

surface and reactive sites would aid in developing affective 

ligands that can assist in particle stability while not interfering 

with charge extraction once deposited. This could also be 

essential to successfully depositing a solution phase NiOx as the 

top HTL in a n-i-p architecture. Concurrently developing 

passivating interfacial materials that both improve band 

alignment while reducing Ni3+ induced degradation of the 

perovskite holds significant research opportunities.  

In total, current research has focused on developing high 

performance devices and has found that earth abundant 

materials like SnO2 and NiOx are strong candidates for CTL’s in 

PSCs. Both nanoparticle and precursor ink formulations have 

been explored extensively with heavy emphasis being focused 

on device performance. Annealing of CTLs on top of the 

perovskite is a special challenge. We have demonstrated the 

use of IPL with metal oxide thin films that are deposited either 

under the PVSK or on top and utilize the thermal response from 

Figure 6: a) XRD pattern of pristine PbI2, unprotected MAPbI3, graphene and PANI 

protected MAPbI3, MAPbI3 with graphene and MAPbI3 with PANI (b) The graphene-

conductive polymer composite. The tortuous path of oxygen and water molecules 

to reach the perovskite and the direct transport path of water and air molecules 

towards unprotected perovskite crystals. Used with permission of 

Nanotechnology, from "Stable and durable CH3NH3PbI3 perovskite solar cells at 

ambient conditions” Nagalingam Rajamanickam et al 27 235404 (2016); 

permission conveyed through Copyright Clearance Center, Inc.  

Page 11 of 14 ChemComm



ARTICLE Journal Name 

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the PVSK to further anneal the metal oxides. Further work with 

IPL or other rapid annealing methods will be necessary to 

properly sinter metal oxides films coated on top of perovskite 

films. Unless such methods are developed nanoparticle inks are 

preferential to precursor inks. Processing of CTL thin films by 

scalable methods is still in need of significant research for them 

to reach the same performances as traditional laboratory 

methods. 
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