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Abstract  

The performances of perovskite solar cells (PSCs) largely depend on the perovskite compositions 

and the selection of electron and hole transport layers (ETL and HTL). The p-type NiOx films have 

been largely used as HTL in p-i-n PSCs thanks to their high transparency, processing versatility, 

cost-effectiveness, and easy integration within tandem devices. Several studies have shown that 

surface modifications on NiOx films remove the surface defects, increase the NiOx conductivity, 

alter the band offset consequently improving the interfaces between NiOx film and the perovskite 

active layer. Indeed, besides improving the NiOx intrinsic properties, the surface treatments also 

lead, in many cases, to superior perovskite quality driving high photovoltaic performance.  

In this review, approaches of surface modifications based on physical (UV-ozone, oxygen, argon, 

and/or helium plasma), chemical (interlayer passivation), and doping treatments and their impacts 

on the structural and optoelectronic properties of the NiOx are examined and discussed. 

Furthermore, the effects of modified NiOx films in p-i-n PSCs power conversion efficiency (PCE) 

are also assessed together with the current challenges and future outlooks.  
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1. Introduction 

Perovskite solar cells (PSCs) represent an economically and environmentally viable option to 

fulfill the global energy demand. PSCs were firstly developed in 2009 with power conversion 

efficiency (PCE) of 3.81 %,[1] and in over a decade they reached PCEs as high a 25.5 % for small 

area devices [2] and over 18% on for mini-modules [3-7]. The record high-performing PSCs are 

mainly based on n-i-p configuration, while the inverted (p-i-n) PSCs are a bit behind despite their 

easy fabrication, low-temperature process, cost-effectiveness, and small hysteresis characteristics 

[8]. To maximize the PCEs and stability of the inverted PSCs and minimodules, the optimization 

of the electron and hole transport layers (ETL and HTL) and their interfaces with the perovskite 

layer is critical to promote an efficient charge transfer. An ideal HTL exhibits high hole mobility 

and conductivity, well-matched energy level with both the perovskite layer and the transparent 

conducting electrode (i.e.: ITO, FTO), large bandgap or low electron affinity (good electron 

blocking capability), high optical transmittance in the photoactive perovskite range, and no 

chemical reactivity with the adjacent layers [9]. The most used charge transport materials in 

inverted PSCs and their corresponding energy levels are summarized in Figure 1[8, 10-17].  

 

 Figure 1 : Energy levels of common materials used as charge transport layers in inverted p.i.n 
perovskite solar cells. Reprinted from ref 8. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA. 
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Nickel Oxide (NiOx) is a low-cost p-type metal oxide showing tunable-optoelectronic properties. 

NiOx is considered one of the most promising inorganic hole transport layers for inverted PSCs [18-

19] and mini-modules [20-23]. The NiOx helps to reduce the charge recombination and forms a better 

ohmic contact with the perovskite layer due to its deep valence band (-5.4 eV) [24-25]. NiOx has a 

wide bandgap (> 3.5 eV), high optical transmittance, suitable work function, excellent chemical 

stability, and a good hole collection efficiency in p-i-n PSCs [26-27]. NiOx can be easily deposited 

by various methods such as sol-gel[28-29], spray pyrolysis [30-31], sputtering [32-33], evaporation [21, 34], 

electrochemical [35-36], pulse laser deposition [37], atomic layer deposition [38-39] derived the highest 

reported PCE of 22.13% for NiOx-based PSCs was obtained with NiOx films treated with 3,6-

difluoro-2,5,7,7,8,8- hexacyanoquinodimethane (F2HCNQ) molecules [40]. The highest PCE for 

NiOx based minimodules achieved 15.9% for an active area of 10.2 cm2 where the NiOx was 

prepared by spin coating. Recently, D. Di Girolamo et al. discussed the NiOx properties as the 

most efficient inorganic hole selective layer for halide perovskite photovoltaics in an excellent 

minireview. The authors reviewed the effect of alkaline and transition metal cations doping, 

defects, and surface chemistry on the optoelectronic properties of NiOx and suggest that the 

performance of the PSCs can be further improved by retarding the segregation of the dopants at 

the NiOx interface or avoiding the diffusion inside the perovskite layer. The performance of the 

PSCs can be further improved by retarding the segregation of the dopants at the NiOx interface or 

avoiding the diffusion inside the perovskite layer [41].  

Apart from the above salient features, the NiOx deposition has some limitations. The NiOx films 

prepared at room temperature often contain a large number of impurities/surface defects. These 

may lead to reduced conductivity, hole accumulation at the perovskite interface, high charge 

carrier recombination, low charge collection, and acceleration of the PSCs degradation [42-50]. 
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Therefore, the film quality needs to be improved to guarantee a wide implementation of NiOx 

material in applications such as large-area modules, and tandem devices. Few recent works have 

also shown the potential of atomic layer deposition (ALD) or sputtering processing in producing 

NiOx films with a reduced density of surface defect and scalable over large areas [32-33, 38-39]. At 

the moment, the most successful approach to improve the NiOx conductive, surface defect, and 

charge separation at the interface with the perovskite are based on surface treatments.  

In this review, we discuss the main surface modification strategies based on physical treatments 

(plasma), chemical treatments (passivation, interlayer), and elemental doping (co-doping) which 

led to an improved conductivity in NiOx and enhanced charge collection in PSCs, as schematized 

in Figure 2. Moreover, we also discuss challenges and future outlooks on further developments of 

NiOx based PSCs 

 
Figure 2: Schematic diagram of the three main types of the surface treatments on NiOx needed to overcome 
some intrinsic limitations: chemical treatment, physical treatment, and elemental doping and their outcomes 
on the film quality. 
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2. Surface modifications by physical processes 

Several works have shown that physical surface treatments increase the NiOx intrinsic 

conductivity, improve the band alignment with the perovskite, and increase the electron blocking 

efficiency [51-53]. Hereafter we will describe the effects of UV-Ozone, argon, nitrogen, and oxygen 

plasma treatments on the physical and optoelectronic properties of the NiOx thin films. Recent 

results based on this strategy are summarized in Table 1. 

 

2.1 UV Ozone Plasma Treatment 

The UV/ozone treatment provides good film quality with improved work function and electrical 

conductivity which are desirable properties for the fabrication of high efficiency and stable PSCs. 

Islam et al. demonstrated that the UV-ozone treatment changes both the surface properties and the 

compositions (towards oxygen-rich stoichiometry) throughout the whole depth of the film, Figure 

3a [54]. The oxygen-rich stoichiometry creates nickel vacancies, rather than the oxygen interstitials 

in NiOx film, which introduce localized defect states near the valence band. These defects reduce 

the hoping transport barrier for holes significantly increasing the conductivity of the NiOx film [54-

57]. Moreover, the UV-ozone treatment creates dipolar species of nickel oxyhydroxide (NiOOH) 

on the NiOx surface which are responsible for an increase of the work function. 

T. Wang et. al. studied the effects of the UV-ozone treatment on the physical, chemical, and 

optoelectronic properties of the NiOx films electrochemical processed and annealed at 300 °C for 

2 h. The UV-ozone exposure of NiOx film for 5 min resulted in higher hydrophilicity which 

facilitates the formation of a very uniform perovskite layer while maintaining a NiOx good 

electrical conductivity (2.89 × 10-6 S/cm) and transparency (~85% in the visible region). The UV-

ozone exposure modified the work function (4.86 eV) and shift the valence band maximum (5.34 
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eV) of NiOx thin film close to the one of the MAPbI3 perovskite (5.47 eV), Figure 3b. The PSC 

with the treated NiOx (UVO-NiOx) achieved a PCE of 19.67%, Figure 3b. The Voc and Jsc 

increased from 1.01 V to 1.11 V and from 21.69 mA cm-2 to 23.41 mA cm-2, respectively as 

compared to the pristine NiOx. Long term stability tests, carried out on encapsulated PSCs in an 

inert environment (H2O <1 ppm and O2 <0.1 ppm) and at room temperature, showed that the PSCs 

with pristine NiOx and UVO-NiOx retained respectively ~80% and ~84% of their initial PCEs for 

over 40 days of storage[19].  

 

Figure 3. A Illustration of the formation of nickel vacancies in NiOx under the UV-ozone treatment. 
Reprinted from ref 54. Copyright 2017 American Chemical Society. B Left: Schematic 
representation of the energy band diagram for the PSC (with a structure of 
FTO/NiOx/MAPbI3/PCBM/BCP/Ag). Right J–V curves of optimal PSC devices based on UVO-
treated NiOx HTL with different exposure times. Reprinted from ref 19. Copyright 2019 Wiley-VCH 
Verlag GmbH & Co. KGaA 

 

A
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2.2 Oxygen, Argon, and/or Helium Plasma Treatment 

Oxygen plasma is an effective method to modify the surface chemistry of the NiOx nanoparticles 

film as it can remove all traces of the chemisorbed layer [58]. J Zhang et al. explained the formation 

of NiOOH species on the surface of the solution processed NiOx nanoparticles under oxygen 

plasma treatment. The presence of NiOOH species improves the work function (-5.3 eV) of the 

NiOx nanoparticle like the case observed during UV-ozone treatment [59-60].  

N Pant et al. demonstrated that the oxygen plasma treatment on sputtered NiOx layer increases the 

Ni3+/Ni2+ ratio, enhances the surface wettability, and improves the morphology of the perovskite 

layer overlaid on the NiOx. The superior NiOx properties result in the suppression of interfacial 

defects and recombination which boosts PSCs performance as shown in Figure 4a  [61]. X. Zheng 

et al. demonstrated that the low-power (10 W) oxygen plasma treatment on the annealed NiOx film 

(T=250°C, named as NiOx-250℃-10 W) allowed the PSCs to reach photovoltaic values of Voc of 

1.083 V, FF of 78.5%, and PCE of 18.38%. The performance of the PSCs tends to degrade instead 

under higher power oxygen plasma. The authors suggest that further chemical passivation of NiOx 

suppresses the bulk/interface defects, minimizes the device hysteresis, and efficiently reduces the 

insulating Ni(OH)2. The chemical passivation of KCl (20 mg ml-1) with 20-30 W O2-plasma 

(device named NiOx-250℃-K 20–30 W) resulted in improved device performance (Jsc ~ 23.27 mA 

cm-2, Voc ~ 1.049 V, FF~78.8% and PCE ~19.16%) with reduced hysteresis, Figure 4b. In 

addition, the PSCs with optimized NiOx layer (NiOx-250 1C-K 20–30 W) maintained 88% of 

their initial PCEs after 660 min at maximum power point (MPP) tracking under continuous AM1.5 
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illumination without encapsulation. The shelf lifetime shows that the PSCs maintain also 75% of 

their initial PCEs after 600 h aging with RH higher than 80% [62].  

J.-H. Tsai et al. demonstrated that using the atmospheric-pressure dielectric-barrier-discharge-jet 

(DBDjet) helium plasma treatment the quality of NiOx films significantly improved, Figure 5. The 

authors used the DBDjet treatment, with a scan rate of 0.2cm/s, on NiOx film reduced the Ni(OH)2 

content and increased O−C=O and C−O contents (hydrophilic functional groups). This treatment 

led to deeper valance band maxima (VBM) and a more suitable band alignment within the PSCs. 

 

Figure 4: A Left side: Schematic illustration of PSCs architecture. Middle; J-V curves of the best 
performing PSCs with various treatment conditions; Right side: PCE distribution of the PSCs with 
different conditions. Reprinted from ref 61. Copyright 2020 The Japan Society of Applied Physics. B. Left 
side: Schematic illustration of PSCs architecture. Middle PCEs statistical distribution of three types of 
PSCs NiOx-250℃, NiOx-250℃-10 W, NiOx-250℃-K 20–30 W for both forward and backwards directions. 
Right side: The illumination stability (top) and long-term stability (bottom) of the device with optimized 
NiOx-250℃-K 20–30 W HTL. Reprinted from ref 62. Copyright 2020 The Royal Society of chemistry. 
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The PSCs with the treated NiOx exhibited a PCE (~14.88%) as compared to the untreated NiOx 

based device where the PCE reached 13.63%  (PCE~13.63%) [63]. 

 

Table 1: Device structures and photovoltaic parameters of the PSCs with physically treated NiOx. 

 

 

 

 Device Configuration VOC 

(V) 

JSC (mA 

cm-2) 

FF (%) η (%) Physical 

Treatment 

Ref. 

1 ITO/NiOx/MAPbI3/PCBM/AZ

O/Ag  

1.04 21.2 

 

68 14.8 O2 plasma 

(3min) 

[61] 

2 FTO/NiOx/MAPbI3/PCBM/B

CP/Ag  

1.11 23.41 75.18 19.67 UVO (5min) [19] 

3 ITO/ NiOx/ MA0.65FA0.35PbI3/ 

PCBM/BCP/Ag  

1.04 23.17 78.8 19.15 O2 plasma (2 

min) 

[62] 

4 FTO/NiOx/MAPbI3/PCBM/B

CP/Ag  

1.07 18.23 76.19 14.88 He DBDjet 

0.2 cm/s 

[63] 

5 ITO/ NiOx/ MAPbI3/ PCBM 

/LiF/Al 

1.02 19.0 63 12.4 O2 plasma (1 

min) 

[64] 

6 ITO/ NiOx/ MAPbI3/ PCBM 

/BCP/Al 

1.08 20.3 74.3 16.2 UVO (15min) [65] 

 

Figure 5:  On the left side. Schematic of the dielectric-barrier-discharge-jet (DBDjet) helium plasma 
treatment. On the right side, the J-V curves characteristics of the p.i.n PSCs incorporating the NiOx 
films treated with DBDjet process. Reprinted from ref 63. Copyright 2020 American Chemical Society. 
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3. Surface modifications by chemical processes 

Surface modifications by chemical processes are based either on the introduction of a thin 

interlayer of organic molecules or the chemical passivation of the NiOx. Both these approaches are 

promising to simultaneously improve the surface morphology (leading to a better crystallization 

of the perovskite) and electrical properties of metal oxide thin films. Recent results based on this 

strategy are summarized in Table 2. 

Different works have shown that Self-assembled monolayers (SAMs) can act as efficient 

interlayers to modify the surface properties between NiOx and perovskite, leading to efficient hole 

extraction [66-75]. Indeed SAMs are thermodynamically ordered monolayers which typically consist 

of anchoring group (often called the head), linker (spacer), and functional groups (tail group) [76]. 

The anchoring group can easily bond with the surface while the spacer is a long alkyl chain 

connection with van der Waals interaction and the functional group works to alter the wettability 

of the upper layer, facilitating the deposition of the forthcoming layer by improving crystallinity, 

morphology, and energy level offset [49]. 

Lee et al., utilized tetramethylammonium hydroxide (TMAH) to significantly improve the 

interface between perovskite and NiOx film prepared by sol-gel. The TMAH modification 

promoted a uniform and smoother surface, as the surface roughness was reduced from 7.4 nm to 

0.6 nm. Moreover, the formation of nonstoichiometric Ni3+ components in nickel oxide crystals 

leads to desirable electrical properties. The modified NiOx/perovskite interface improved the hole 

extraction, suppressed recombination, and improved the energy level alignment (ɸ ~ 5.42 eV) 

between the perovskite layer and NiOx. The inverted planar PSC (ITO/NiOx/MAPbI3/ 

PCBM/C60/Ag) reported an improvement of PCE from 12.30 to 17.03% [66].  

Q. Wang et al. used a series of benzoic acid SAMs (functional groups with NH2, OCH3, H, Cl, and 

Br) as interfaces between NiOx and perovskites in an inverted PSCs configuration 
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(ITO/NiOx/MAPbI3/ PCBM/C60/Ag), Figure 6. The NiOx NPs dispersed in water were prepared 

by spin coating onto the ITO-coated glass substrates with no further heating followed by SAM 

monolayer formation. The authors showed that SAM with a negative dipole moment decreases the  

 

Figure 6: Top panel. Schematic diagram of the NiOx/MAPbI3 structure (left) and NiOx/SAMs/MAPbI3 

structure (right) together with the schematic diagram of the band bending caused by the SAMs with 

different dipole moments. Middle panel. Quasi-Fermi levels are shown as dashed lines. Bottom panel. 

J-V curves of the Br-BA-modified PSCs made on glass substrates and F-PSCs made on flexible PET 

substrate and PCE distribution of the Br-BA modified F-PSCs over 32 devices Reprinted from ref 67. 

Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.  
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work function of the material. Br-BA SAM with positive dipole moments induces a band bending 

downward NiOx/perovskite interface increasing the WF of NiOx. Moreover, Br-BA SAM healed 

the NiOx surface defects and enhanced the perovskite crystallization. The presence of the SAM 

enhanced the PCE from 15.5% to 18.4%. For the stability test, the PSCs were kept at 30% RH for 

15 days. The reference PSCs maintained 70% of their original PCE, whereas the Br-BA-modified 

PSCs maintained about 80% of their original PCE. [67].  

J. Zhang et al. show that the ferrocene dicarboxylic acid (FDA) SAM can modify both p-type and 

n-type carrier transporting layers. The authors modify a 20 nm thick sol-gel-processed NiOx film 

with the SAM. The FDA-modified NiOx shows a reduced roughness (from 8.01 nm to 5.57 nm) 

and higher hydrophobicity which guarantees the formation of larger perovskite grains. The high 

PL quenching of perovskite onto NiOx/FDA shows that efficient charge transfer from the 

perovskite to the NiOx layer using FDA. The PSC with a structure of 

ITO/NiOx/MAPbI3/PCBM/AgAl showed improved PCE from 15.13% to 18.20% when the SAM 

was introduced. Moreover, the NiOx/FDA PSCs showed an improved UV resistance primarily 

attributed to the passivation effect of FDA and the better crystallization of the perovskite. The 

study shows that carboxyl groups (–COOH) can also passivate the perovskite layer [68]. Similarly, 

surface treatment with ethylphosphonic Acid, 4-Bromobenzoic Acid, Hexanoic acid, 

4‑bromobenzylphosphonic acid, etc showed to be efficient in improving the performances of NiOx 

based PSCs [69-71].  

Z. Li et al., also showed triphenylamine-imidazole derivatives with a different number of a 

methoxy group (TPI, TPI-2MEO, TPI-4MEO, TPI-6MEO) can act as HTL and surface modifiers 

simultaneously. Nitrogen and Oxygen atoms in TPI-6MEO forms Lewis adducts with 

undercoordinated Ni and Pb ions in NiOx and perovskite leads bifacially passivation of those defect 
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sites and improving the crystallinity of perovskite. TPI-6MEO based PSCs show enhanced 

photovoltaic performances achieving a PCE of 18.42% in comparison to the reference device 

which had a PCE of 14.57%. The TPI-6MEO based PSCs device maintains 85% of its original 

PCE under UV light exposure for 21 h, while the reference device retained only 30% of its initial 

PCE [72].  

W. Chen et al. proposed an alkali halide (NaCl, KCl) interfacial passivation of the NiOx, which 

significantly improved the open-circuit voltage (Voc) of the PSCs from 1.07 V to 1.15 V. This 

enhancement is attributed to increased grain size, good crystallinity of perovskite film as 

confirmed by XRD on KCl treated film. XPS data shows reduced adsorbed hydroxyl groups on 

the surface, which indicates a better-quality surface with fewer defects. Ab initio molecular 

dynamics study shows elimination of Pb-I antisites, heals the interface contact, which is probably 

caused by the interface structure ordering induced by NaCl. KCl-modified PSCs also maintained 

over 95% of initial performance after 150 d storage at nitrogen-filled dry box compared to pristine 

NiOx (85%). The KCl-modified PSCs (ITO/NiOx/CsFAMAPbBrI3/PCBM/ZrAcac/Ag) show an 

improved PCE of 20.96% compared to one of the pristine PSC (18.92%), Figure 7a [73].  

Similarly, T. Wang and co-workers studied the effects of an ultrathin sodium dodecylbenzene 

sulfonate (SDBS) film introduced between the perovskite and NiOx. The modification on the NiOx 

HTL by SDBS surfactant induced a better crystallinity of perovskite by regulating the wettability 

of the NiOx surface. The modified PSCs,(FTO/NiOx/MAPbI3/PCBM/BCP/Ag),  show a PCE of 

20.15%, in comparison with PCE of 16.26% for the reference PSC, Figure 7b  [74].  

Y. Du used a thin PTAA (poly(triaryl)amine) interlayer between the perovskite and NiO and 

controlling the wettability of the NiOx surface and tailoring the perovskite grain size and 

crystallinity. The PTAA significantly facilitated interfacial charge transfer due to the gradient band 
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alignment and the PSCs showed an improved PCE of 17.1% as compared to the pristine NiOx 

(13.2%) PSC [77].  

Other important treatments such as PEDOT: PSS treated NiO have also been carried out. I. J. Park 

et al. demonstrated a hybrid PEDOT/NiOx hole-extraction layer. The FF of the NiOx-based 

perovskite solar cell can be significantly improved by treating the NiOx surface with a dilute 

PEDOT solution (1 v/v % PEDOT/NiOx). Photoluminescence quenching and impedance 

spectroscopic results show that hole injection at the perovskite/ NiOx interface is significantly 

facilitated with the PEDOT treatment, results in increased FF. 1 v/v % PEDOT treated NiOx device 

shows improved device performance without showing the hysteresis effect. (Jsc ~ 19.4 mA cm-2, 

Voc ~ 1.02 V, FF~ 0.70 and PCE ~ 13.9 %) compared with single NiOx (Jsc ~ 18.9 mA cm-2, Voc ~ 

1.03 V, FF~ 0.63 and PCE ~ 12.4 %) and PEDOT (Jsc ~ 17.1 mA cm-2, Voc ~ 0.92 V, FF~ 0.72 

and PCE ~ 11.4 %) PSCs [78].  

Similarly in 2020 Fan Wu et al. demonstrated PEDOT:PSS treated NiOx  PSCs with reduced 

hysteresis with an average hysteresis index of 0.020 as compared to single NiOx device (0.142) or 

single PEDOT:PSS (0.093). PEDOT:PSS treated NiOx PSCs show improved photovoltaic  

performances (Jsc ~ 23.78 mA cm-2, Voc ~ 0.97 V, FF~ 0.67 and PCE ~ 15.45 %) as compared with 

pure  NiOx (Jsc ~ 22.21 mA cm-2, Voc ~ 0.94 V, FF~ 0.60 and PCE ~ 12.53 %) and PEDOT:PSS 

(Jsc ~ 20.85 mA cm-2, Voc ~ 0.93 V, FF~ 0.77 and PCE ~ 14.93 %) PSCs  [79]. 
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Figure 7: A. Schematic device architecture, cross-sectional SEM image and J-V curve of of PSCs with 
alkali chlorides (MCl) modified NiOx as HTLs; A supercell illustrating the structural details in 
perovskite/NaCl/NiOx HTL interface, Ab initio molecular dynamics (MD) of NiO-perovskite and NiO-
NaCl-perovskite interfaces. (Reprinted from ref 73. Copyright 2019 Wiley-VCH Verlag GmbH & Co. 
KGaA) For simplifying the calculation, MAPbI3 perovskite supercell was used for MD simulation. B. The 
contact angle of water, SEM, AFM images and J-V curve on the NiOx/SDBS based PSCs with different 
concentrations of SDBS. (Reprinted from ref 74. Copyright 2020 Elsevier) 

A

B
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Table 2: Device structures and photovoltaic parameters of the PSCs with chemical treated NiOx 

 
 
 
 
 
 
 
 
 
 
 
 

 Device Configuration VOC 

(V) 

JSC 

(mA 

cm-2) 

FF η (%)       SAM  Ref. 

1 ITO/NiOx 

/MAPbI3/PCBM/C60/Ag 

1.11 21.7 76.3 18.4 Br-benzoic acid, (0.1cm2) [67] 

2 ITO/NiOx/ MA0.65FA0.35PbI3/ 

PCBM/BCP/Ag  

1.04 23.2 76.1 18.7 post-annealing, O2-plasma, 

and potassium chloride 

treatments (0.1 cm2) 

[62] 

3 ITO/NiOx/ MAPbI3/ 

PCBM/C60/Ag 

1.08 21.90 72 17.03 Tetramethylammonium 

hydroxide (TMAH, 0.1cm2) 

[66] 

4 ITO/ NiOx/ MAPbI3/ 

PCBM/BCP/Ag 

1.07 21.90 81 18.9 Thermally reduced 

graphene oxide NiOx:rGO (2 

vol%) 

[80] 

5 ITO/NiOx/ FAMAPbI3/ 

PCBM/BCP/Ag 

1.05 18.5 70 13.0 Ethylphosphonic Acid [69] 

6 ITO/NiOx/ FAMAPbI3/ 

PCBM/BCP/Ag 

1.01 19.8 64 12.6 4-Bromobenzoic Acid [69] 

7 FTO/ SrNiOx 

PEAI/MAPbI3/PCBM/AgAl 

1.09 24.27 76.55 20.31 Phenethyl ammonium iodide 

(PEAI) 

[75] 

8 ITO/NiOx/CsBr/MAFAPbI3Cl/PC

BM/BCP/Ag 

1.09 23.5 75.1 19.2 CsBr-2.5 [81] 

9 FTO/TiO2/CsMAFAPbI3C/NiOx 

/Au 

0.99 21.9 60 13.1 Hexanoic acid (HA) [70] 

10 ITO/NiOx/MAPbI3/PCBM/AgAl 1.04 22.55 76.2 18.20 Ferrocenedicarboxylic acid 

(FDA) 

[68] 

11 ITO/NiOx/CsFAMAPbBr3I3/PCB

M/Ag 

1.09 18.58 67.18 12.73 4‑bromobenzylphosphonic 

acid 

[71] 

12 ITO/NiOx/MAPbI3/PCBM/BCP/

Ag 

1.03 20.35 72.09 15.25 glycerol/choline chloride 

(1:1/m:m) 

[82] 

13 ITO/NiOx/TPI-

6MEO/MAPbI3/PCBM/BCP/Ag 

0.98 23.31 81 18.42 triphenylamine-imidazole  

(TPI-6MEO) 

[72] 

14 ITO/NiOx/CsFAMAPbBrI3/PCB

M/ ZrAcac/Ag 

1.15 22.89 79.3 20.96 KCl [73] 

15 ITO/NiOx/CsFAMAPbBrI3/PCB

M/ ZrAcac/Ag 

1.14 22.83 79.6 20.71 Nacl [73] 

16 FTO/NiOx/MAPbI3/PCBM/BCP/

Ag 

1.12 22.94 78.19 20.15 sodium dodecyl benzene 

sulfonate (SDBS) 

[74] 

17 FTO/NiOx/MAPbI3/PCBM/BCP/

Ag 

1.11 20.70 79 18.03 Li-bis-

(trifluoromethanesulfonyl) 

imide, Li-TFSI 

[83] 

18 FTO/NiOx/MAPbI3/C60/BCP/Ag 1.08 22.8 77.9 18.9  n-Butylamine [84] 
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4. Elemental Doping  

NiO has a highly stable ionic crystal structure with a high melting point. [38, 50, 85]. Ultrathin NiO 

film with thickness comparable to the characteristic length of the space charge region (Debye 

length) result high electrical conductivity with high optical transparency[38] while slightly thicker 

(few nanometers) NiO layer result to be intrinsically insulators.  Most of the NiOx films used as  

ELT have a thickness  7–20 nm [36, 86-88] resulting to be intrinsically insulators and require doping 

strategies to improve the p-type conductivity by can reducing the trap states and modify the work 

function [80]. Dopants as transition metals (i.e.: Cu, Ag, Co, Zn, etc.,), alkali/alkaline-earth metal 

(i.e.: Li, Mg, Sr, etc.), and/or their combination to the large ionic radii difference [89] can introduce 

lattice distortion/defects in the NiOx matrix and affecting the carrier mobility and optical 

transmittance [90]. Therefore, the selection of dopants and optimization of their doping levels in the 

NiO matrix for high-performance PSCs is critical. Different doping strategies in NiOx films and 

their effect on the performance of the PSCs are summarized in Table 3  

Copper (Cu) is the best doping element in NiOx HTL as Cu and Ni have the same crystal structure 

(fcc), same valence (+1), similar atomic radii (size mismatch ~ 2%), and similar electronegativity 

(difference ~ 2%). The Cu shows complete solid solubility in nickel [91]. The substitution of nickel 

(Ni2+) or the creation of acceptor-like native defects such as nickel vacancies by copper (Cu+ and/or 

Cu2+) doping in NiO films can increase the carrier concentration. For example, the substitution of 

Ni2+ by a divalent copper (Cu2+) would form an acceptor-like defect of nickel vacancy (𝑉𝑁𝑖
2−) which 

increases the density of holes (h+) However, the creation of such defects would result in a reduction 

of mobility. [92-96]. 

W. Chen et. al. prepared Cu-doped NiO (Cu:NiO) nanoparticle ink with a low doping level of 

copper (5.3 %)  and fabricated good quality pinhole-free Cu:NiO films  (thickness ~ 50 nm)  by 
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spin-coating. They observed that the Cu:NiO film exhibited good crystallinity/pure phase(s) 

(Figure 8a) with a small change of interplanar spacing  (d) of the crystal lattice as confirmed from 

high-resolution transmission electron microscopy (TEM) images and [97]  increased conductivity 

due to the substitution of Ni2+ by Cu+  [98]. Besides, the copper doping forms a shallower acceptor 

level (~0.7 eV just above the Fermi level) than the nickel vacancies (~ 1.3-2.0 eV above the Fermi 

level) of bulk NiO. This increased conductivity and work function (5.25 eV). The Cu:NiO was 

utilized as HTL in rigid and flexible PSCs achieving respectively PCEs of ~20.26% and ~17.41%, 

Figure 8a. The encapsulated PSCs exhibited negligible hysteresis and also maintaining ~ 95% of 

initial PCE when stored in ambient at 50–65% humidity for 1000 h. [97]. Further, R. Ishikawa and 

co-workers showed that Ag+ doping in NiO is effective due to its stable valence of +1 (M+1) to 

improve the conductivity. However, its large ionic radius of ~ 1.15Å can substitute only a small 

amount of Ni2+ which has an ionic radius of ~ 0.69 Å. The concentration of Ag in NiOx largely 

affects the optoelectronic properties of the NiOx films. It has been reported that small Ag+ doping 

(~ 1.8 at%) in NiOx increased significantly the conductivity (1.1 × 10-1 S/cm) with almost no 

changes in the hole mobility (0.09 cm2/Vs) while using larger Ag+ amounts (13.1 at.%) in NiOx 

degraded the hole mobility and optical transmittance [99]. In this work, they employed the NiOx 

doped films in CdTe solar cells. 

J. Zheng and his co-workers showed that an Ag-doping at 3.6 at.% in NiOx, as compared to a pure 

NiOx film,  improved the electrical conductivity (from σ = 6.6×10-7 S/cm to σ = 2.2×10-6 S/cm),  

the work function (from, ~5.02 eV to ~ 5.13 eV), and the morphology (root mean square roughness, 

Rrms, went from ~ 7.1 nm to ~ 6.0 nm) while maintaining a comparable optical average 

transmittance (Tav ~82%). The Ag-doping in NiO increases hole concentration via an increase in 

oxygen vacancies as following [100]. 
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2NiO → 𝑉𝑁𝑖
2− + 2ℎ+ + 2𝑂𝑂

𝑥 + 𝑁𝑖𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑥                                                                                              (1) 

2NiO
0.5𝐴𝑔2𝑂
→     𝐴𝑔𝑁𝑖

− + 𝑉𝑁𝑖
2− + 3ℎ+ + 2.5𝑂𝑜

𝑥 +𝑁𝑖𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑥                                                                         (2) 

 

where 𝑉𝑁𝑖
2− represents the Ni cation vacancy at the intrinsic Ni site, ℎ+represents a hole, 𝑂𝑂

𝑥 is the 

normal oxygen at intrinsic oxygen site, 𝑁𝑖𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑥  is the Ni atom at the surface site, and 𝐴𝑔𝑁𝑖

−  is the 

Ag cation vacancy at the intrinsic Ni site. The Ag (3.6 at. %) doped NiOx HTL was integrated into 

PSCs with the ITO/Ag: NiOx/CH3NH3PbI3/PCBM/BCP/Ag structure and PCE of  17.3% were 

achieved while the undoped NiOx based PSCs had a PCE ~ 15.7%.  

Few works have also demonstrated the effectiveness of transition metals such as cobalt (p-type 

dopant, ionic radius ~ 0.745 Å) and zinc (n-type dopant, ionic radius ~ 0.74 Å), in improving the 

optoelectronic properties of NiO HTLs [101-104].  

Y. Xie and his coworkers demonstrated a NiO HTLs film with a 6 mol% doping of cobalt with 

significantly improved optoelectronic properties as compared to the pristine NiO: the work 

function was Φ ~ -5.20 eV vs the Φ~ -5.12 eV and electrical conductivity, σ ~2.5×10-3 S/cm to σ 

= 4.4 × 10-5 S/cm  respectively.  The films were incorporated into inverted PSCs achieving higher 

PCEs of ~ 18.6% , over 2% higher than the value of the PSCs which employ pristine NiOx  
[101].   

Recently, Lee et. al., developed near infra-red annealed cobalt doped NiOx (NIR-Co:NiOx) HTLs 

with optimum cobalt doping of ~ 4 mol% with enhanced mobility (0.21 cm2/Vs), leading to 

reduced charge recombination and enhanced hole extraction rate [102] to replace the pristine NiOx 

HTLs in PSCs. The PSCs integrating the NIR-Co:NiOx HTL showed a PCEs of  ~17.77%, 

significantly higher than the ones of the PSCs using pristine NiOx HTL (~15.99%).  

X. Wan et al. showed that Zinc (ionic radius ~ 0.74 Å) doping in NiOx reduces the ionization 

energy of nickel vacancies and allows the formation of a film with compact and smooth (Rrms ~ 

2.61 nm) morphology, leading to a continuous and smooth perovskite layer. Interestingly, the zinc-
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doped NiOx film (with 5 mol%) exhibited higher work function (5.3 eV) and electrical conductivity 

(high current showed by conductive AFM) and similar transparency (95%) to the pristine NiOx. 

PSCs based on zinc-doped NiOx achieved high remarkable efficiency of 19.6% with negligible 

hysteresis, Figure 8b [103]. W. Chen et al. showed that similarly to the zinc (n-type dopant) doping, 

alkali metal ions viz., lithium (Li+) and cesium (Cs+) ions can also substitute the nickel in NiOx 

lattice to enhance the conductivity without degrading the visible transmittance [105]. A 

combinational doping approach of Li or Cs with p-type dopants of transition metal (such as Cu, 

Ag, Co) in NiOx has also been demonstrated to be efficient in maintaining a high transmittance 

and improve the electrical characteristics  and  resulting high performing PSCs, Table 3 [104, 106]. 

G. Li et al. showed that a large amount of Mg (8 at. %) in NiOx can substitute the nickel but it 

increases the conductivity by only one order from 0.67×10-6 S/cm to 0.27×10-5 S/cm. In contrast 

to the Li and Cu doping in NiOx, the Mg doping resulted in a slightly higher transmittance in the 

shorter wavelength of the visible region (<500 nm) than the NiOx. The NiMgOx with Mg content 

of 8 at.% was used as an HTL in PSC with a PCE of 18.5% high ambient stability [107]. On the 

other hand, W. Chen et al. showed that elements with similar ionic radii as Mg2+ (0.71Å), Li+ 

(0.76Å), and Ni2+ (0.69Å) can form High-quality Li0.05Mg1.5Ni0.8O ternary oxide via Mg and Li 

co-doping in NiOx. The film prepared by spray pyrolysis has been integrated as an HTL in MAPbI3 

based PSC  which achieved a certified PCE of 15.0% for a 1.017 cm2 active area [108].  
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X. Chen et al. prepared NiOx films doped with various rare earth elements (Ce, Nd, Eu, Tb, and 

Yb) by solution method and systematically studied the impact of various dopants and their  

concentration on the structure and optoelectronic properties of the NiOx. Also, low doping (up to 

3%) in NiOx resulted in a film with a smooth and compact structure with higher carrier 

 

Figure 8:  A. Structural illustration of the inverted planar PSCs. Top panel. Schematic diagram of 
energy levels at the inverted PSCs, steady photocurrent output at fixed applied voltage (Vmmp) over 500 
s, inset shows a photograph of large-area device. Bottom panel. I-V curves of the optimal flexible PSCs, 
steady photocurrent output as function of applied time (500 s) and EQE spectra of the optimal flexible 
PSCs based on NiO and Cu:NiO HTLs. Reprinted from ref 97. Copyright 2018 Wiley. B. Transmittance 
spectra of the NiOx and NiOx:Zn films coated on glass substrates (inset showing device architecture 
and energy band diagram of of the inverted planar PSC, PCE histogram of devices with different zinc 
concentration. 3D-AFM and SEM images of the corresponding NiOx and NiOx:Zn films. Reprinted from 
ref 103. Copyright 2018 American Chemical Society. 
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concentration and mobility, especially, for the 3% Eu: NiOx film. The inverted PSCs using 3% Eu: 

NiOx displayed a PCE of 15.06%  [109-110]. This was mainly attributed from the increased short 

circuit current density values due to the smaller series resistance values and the improved 

conductivity [110].  A larger amount of yttrium doping (5 mol%) in NiOx was possible due to the 

smaller ionic radius as compared with the radii of other rare earth elements. The 5%Y-NiO film 

showed a compact morphology, high hole mobility, and good charge extraction efficiency. The 

PSC using 5%Y-NiOx film as HTL exhibited a PCE of 16.31 % as compared to the 11.80 of PSCs 

incorporating the pristine film. [111].  

Table 3:  Device structures and photovoltaic parameters of the PSCs including co-doped NiOx as 

HTL.  

 Device Configuration VOC 

(V) 

JSC 

(mA 

cm-2) 

FF PCE 

(%) 

Dopant (%)  Ref. 

1 FTO/NiOx/MAPBI3/PCBM/Au 1.00 23.82 68 16.31 5%Y (yttrium) [111] 

2 FTO/NiOx/FAMAPb(BrI)3/PCBM/A

gAl 

1.11 22.68 79.1 20.07 1 at.% Sr (Strontium) [112] 

3 ITO/NiOx/MAPBI3Cl3-x/PCBM/Al 1.12 21.79 73.6 18 Li (Lithium) [113] 

4 FTO/NiOx/MAPBI3/PCBM/Au 1.13 21.29 80 19.24 Li (0.5 at. %), Ag 

(1.5 at.%) (Lithium 

Silver co-doped) 

[106] 

5 ITO/NiOx/MAPBI3/PCBM/Al 1.05 22.3 79 18.6 6% mol Co (Cobalt) [101] 

6 ITO/NiOx/MAPBI3/PCBM/BCP/Ag 

PET/ NiOx/MAPBI3/PCBM/BCP/Ag 

1.08 

1.09 

19.16 

18.16 

84.81 

72.44 

17.57 

14.42 

1.0 mol% Fe 

(flexible) 

[42] 

7 ITO/NiOx/MAPbI3/C60/Ag 1.05 22.23 76 17.74 Cu (Copper) [114] 

8 FTO/NiO/MAPbI3/PCBM/BCP/Ag 1.1 22.8 78 19.6 5 mol % Zn (Zinc)  [103] 

9 ITO/NiOx/MAPBI3/PCBM/ZnMgO/

Al 

21.3 79 79 18.2 8 at% Mg 

(Magnesium) 

[107] 

10 FTO/NiOx/CsFAMAPb(IBr)3/PCBM

+TBABF4/TIPD/Ag 

1.13 20.05 74 17.05 3 mol% K 

(Potassium) 

[115] 

11 ITO/NiOx//FAMAPB(ClI)3/PCBM/B

CP/Ag 

1.09 23.8 78 20.1 10 mol % (Li) ,5 mol 

% (Co)  

[104] 

12 ITO/NiOx/MAPbI3/PCBM/BCP/ Ag 1.06 20.4 74.7 16.3 5 mol% Ag (silver) [100] 

13 FTO/ NIR 

Co:NiOX/MAPbI3/PC61BM/PEI/Ag 

1.09 20.46 79.80 17.77 NIR- 4 mol % 

Co:NiOX 

[102] 

14 FTO/NiOx/MAPbI3/PCBM/ZrAcac/

Ag 

1.11 21.79 79.5 19.29 1 mol% Cs (cesium) [105] 

15 FTO/NiO/MAPbIBr/PCBM:C60/BC

P/Ag 

1.01 22.59 77.98 17.81 3vol% K (Potassium) [116] 

16 FTO/BL-NiOx/MAPbI3/PCBM/Bis 

C60/ Ag 

1.11 21.58 81.9 19.62 Bilayer 

Cu:NiOx/mpCu:NiO 

[117] 

17 ITO/NiOx/MAPbI3/C60/BCP/ Ag 

PET/ NiOx/MAPBI3/C60/BCP/Ag 

1.12 

1.10 

22.23 

21.24 

80.9 

73.5 

20.15 

17.26 

Rigid 

Flexible ,Cu 

[97] 
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4.1 Chemical treatment on co-doped NiO 

To further improve the Voc and hence the performance of the NiO-based p-i-n devices, a variety 

of chemical treatments have been applied on the metal-doped NiOx films to reduce the defect states 

between the doped NiOx and perovskite layer.  

J. He et al. prepared highly crystalline Cu:NiOx thin films and studied their photophysical 

properties after surface modification by three small molecules: glycine (Gly), cysteine (Cys), and 

mercaptoethylamine (Merc) chlorate, Figure 9a. The Cu:NiOx surface exhibits a high contact 

angle of 96°. The surfaces modified by Cys and Merc molecules resulted to have lower contact 

angle values of 81° and 67°, respectively.  The Cys molecule has an extra carboxyl group than the 

Merc. The Cu: NiOx surface treated with Cys exhibited a higher work function than the Merc 

treated film due to the high electrophilicity ability of the carboxyl group. The Cu: NiOx surface 

attached with Cys or Merc enhanced the preferential orientation of the perovskite layer overlaid 

on it and improved the red-light harvesting and charge transfer properties of the perovskite film. 

The PSCs with Cu:NiOx/Cys modification, as compared to the untreated one report improved short 

circuit current density from 20 to 23.6 mA cm-2 and open-circuit voltage (from 1.06 to 1.12 V)  

reaching shows PCE over 18% [118]. 

Y. Zhang et al., prepared p-NiMgLiO thin film (thickness ~ 20 nm) by spray pyrolysis and treated 

them with an organic monolayer made of bifunctional 5-aminovaleric acid (5-AVA) molecules. 

The 5-AVA molecules were completely absorbed onto the NiMgLiO’s surface as confirmed from 

the Fourier Transform Infrared (FTIR) analysis, Figure 9b. The carboxyl functional group of the 

5-AVA molecules easily attached to the NiMgLiO surface and improved its wetting 

characteristics, while the amino functional group of the 5-AVA molecules strongly coordinated 

https://www.sciencedirect.com/topics/engineering/short-circuit-current-density
https://www.sciencedirect.com/topics/engineering/short-circuit-current-density
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with the perovskite layer increasing the crystallinity. The treated PSCs achieved an improved PCE 

of 19.4% as compared to the 18.0% achieved by the reference device [119]. 

Similarly, Y. Liu et al., explored the Phenethyl ammonium iodide (PEAI) to passivate the Sr doped 

NiOx films. The PEAI attached with SrNiOx surface reacts with MAPbI3 perovskite layer 

deposited on top to form quasi-2D PEA2PbI4 grains at the SrNiOx/perovskite interface. The quasi-

2D PEA2PbI4 perovskite layer exhibits higher conduction band energy and can block electron 

transport into the p-type SrNiOx interface, limits carrier recombination at the interface. In addition, 

the hydrophobic organic cation (PEA+) with a benzene ring of the PEAI improves the moisture 

resistance of interfaces. The PEAI modified SrNiOx film leads to improve the crystallinity of the 

perovskite layer that showed larger grains elongated in the longitudinal direction as confirmed 

from the cross-sectional SEM images, Figure 9c. The PEAI coated on the SrNiOx filled up the 

pinhole defects and resulted in smooth and compact morphology of the perovskite layer. Therefore, 

the better quality of the perovskite layer, passivating interface defects, and adjusting the interface 

contact barrier after PEAI modification leads to reduce carrier recombination, facilitating carrier 

extraction and transport. Moreover, the stability of un encapsulated pure and with PEAI treated 

PSCs maintained 75% of the original PCE values, as compared to (47%) of the reference PSCs 

after aging for 10 h at 85 °C. The light stability of the PSCs was tested with a moderate illumination 

intensity of 42 mW/cm2 at 50% RH showing that the  PEAI modified PSCs maintained 65% of the 

original PCE values compared to 60% of the reference PSCs after aging for 240 h. These results 

indicate that devices with PEAI modification show better moisture resistance and superior thermal 

stability [75]. 
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Figure 9:  A From left to right: Schematic energy levels of the PSCs interlayers. The Fermi levels of bare Cu: NiOx, 
Cu: NiOx/Merc and NiOx/Cys are represented by dashed lines. EQE spectrum and the the integrated short-circuit 
current density (JSC). PCE distributions for Device1–3. Below:  XRD of Cu:NiOx prepared by precursor with or 
without fuel. Molecular 3D models and formula of three amino acids. XPS signals of N1s and S2p from surface of 
Cu:NiOx treated with different solution. Contact angle of the modified materials. (Reprinted from ref 118. Copyright 
2018 Elsevier). B. Schematic diagram of the inverted PSC, highlighting the 5-AVA modified interface between 
NiMgLiO and MAPbI3., FI-IR spectra of 5-AVA and NiMgLiO films with (W/) and without (W/o) 5-AVA modification, 
Schematic energy levels of the PSCs interlayer. Fermi levels of the NiMgLiO films with and without 5-AVA are 
denoted by the dashed lines. (Reprinted from ref 119. Copyright 2018 Wiley) C Schematic diagram of the PEAI-
modified interface procedure. Below: J−V characteristics of PSCs without and with PEAI modification with a 
scanning rate of 100 mV/s. Top-view and Cross-sectional SEM images of perovskite films without and with PEAI 

modification. (Reprinted from ref 75. Copyright 2019 American Chemical Society). 
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5. Conclusion and outlook 

 

In this review, we have discussed the impact of different physical and chemical surface 

modifications and doping approaches on NiOx thin films to enhance the film conductivity and to 

improve the energy level alignment with metal halide perovskites and their subsequent effects on 

the performance and stability of inverted PSCs. 

We highlighted that for the physical processes, UV-ozone treatments generated oxygen-rich 

stoichiometry and nickel oxyhydroxide (NiOOH) type-dipolar species which improved the 

conductivity and enlarged the work function of the NiO film, leading to photovoltaic 

improvements in the p-i-n PSCs. Similarly, the oxygen plasma is a suitable method to improve the 

work function and suppress the recombination at the perovskite/NiOx interface.  

Chemical modifications, based on the insertion of thin organic interlayers between the NiOx films 

and the perovskite have demonstrated potential in improving the charge transport in NiOx. SAMs 

have been employed to induce the downward band bending and passivate the surface defects of 

both NiOx and perovskite layer, leading to enhanced perovskite crystallization and improved 

interfacial contact.  

Another approach to improve the conductivity of the NiOx is based on the use of dopants.  Various 

dopants and co-dopants of transition metals (Cu, Ag, Co, Zn, etc.,), alkali/alkaline-earth metal (Li, 

Mg, Sr, etc.) and/or combination of both metals (Cu-Li, Mg-Li, etc.,) and rare-earth elements (Y, 

La) in NiOx have been explored to improve the film quality, work function, and optoelectronics 

characteristics the NiOx films. 

ALD, electron beam deposition and radiofrequency magnetron sputtering seem to be the best 

approaches to deposit high-quality NiOx over a large area and keeping the substrate temperatures 

low with a reduced defect density [21, 32-33, 38-39, 120].  
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Moreover, targeting efficient and stable PSCs, the insertion of passivation layers is extremely 

important to passivate the NiOx defects, adjusting the work function and enhancing the formation 

of high-quality perovskite films.  

Overall, NiOx based PSCs have now reached PCEs above 20%, together with low cost, easy 

processing, and long-term stability. The surface modifications and interlayers seem to be a 

strategical approach to further enhance their photovoltaic performances.  
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In this review, surface modifications based on physical (UV-ozone, oxygen, argon, and/or helium 

plasma), chemical (interlayer passivation), and doping treatments and their impacts on the 

structural and optoelectronic properties of the NiOx are discussed. The effects of modified NiOx 

films in p-i-n PSCs power conversion efficiency (PCE) are also examined together with the current 

challenges and future outlooks.  

 


