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Metal-halide perovskites are rapidly emerging as an important class of photovoltaic absorbers that 

may enable high-performance solar cells at affordable cost. Thanks to the appealing optoelectronic 

properties of these materials, tremendous progress has been reported in the last few years in terms 

of power conversion efficiencies of perovskite solar cells (PSCs), now with record values in excess 

of 23%. Nevertheless, the crystalline lattice of perovskites often includes defects, such as 

interstitials, vacancies, and impurities; at the grain boundaries and surfaces, dangling bonds can 

also be present, which all contribute to non-radiative recombination of photo-carriers. On device 

level, such recombination undesirably inflates the open-circuit voltage deficit, acting thus as a 

significant roadblock towards the theoretical efficiency limit of 30%. In this review, we focus on 

the origin of various voltage-limiting mechanisms in PSCs and discuss possible mitigation 

strategies. We describe contact passivation schemes and the effect of such methods on the 

reduction of hysteresis. Furthermore, we elucidate several strategies that demonstrate how 

passivating contacts can increase the stability of PSCs. Finally, we prioritize the remaining key 
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challenges in contact design and present an outlook on how passivating contacts will contribute to 

further the progress towards market readiness of high-efficiency PSCs. 

 
1. Introduction 

Perovskite solar cells (PSCs) have gained rapid widespread attention for its promise as a high-

efficiency photovoltaic (PV) technology; devices now already achieve impressive power 

conversion efficiencies (PCEs) of more than 23%.[1] Such performance can largely be attributed 

to the remarkable optoelectronic properties of perovskites which combine, for instance, a high 

absorption coefficient with low Urbach energy (E0).[2] On device level, a high absorption 

coefficient enables photocurrents close to the theoretical maximum without the need for 

complicated light-trapping schemes, whereas a low E0 is essential to obtain a low open-circuit-

voltage deficit WOC = Eg/q – VOC, where Eg is the bandgap, q is the elementary charge, and VOC is 

the open circuit voltage.[3] Thus far, one of the highest reported VOC is 1.24 V[4] (for a 1.6 eV band 

gap perovskite absorber), which is below the theoretical value of 1.32 V, obtained when only 

considering radiative recombination.[5] Similar to other thin-film PV materials such as gallium-

arsenide (GaAs), copper-indium-gallium-selenide (CIGS), cadmium-telluride (CdTe), perovskite 

films often feature intrinsic defects, such as interstitials and vacancies, as well as impurities and 

non-coordinated ions at their grain boundaries and surfaces. Such defects can result in gap states 

that induce non-radiative recombination of photo-generated carriers. Such recombination 

undesirably lowers the operating voltages under open circuit as well as maximum power point 

(MPP) conditions. The latter detrimentally affects the fill factor (FF) of devices and thus their 

overall power output. The presence of such defects also contributes to hysteresis in the current-

voltage characteristics. To translate the attractive optoelectronic properties of perovskites into 

higher device performance and to continue progress towards realizing their theoretical PCE limit 
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of 30%, further device engineering is therefore essential. In the development of crystalline silicon 

(c-Si) solar cells, the use of high-quality silicon wafers, combined with effective surface- and 

contact-passivation strategies pushed experimental operating voltages close to their theoretical 

limit,[6] and device efficiencies as high as 26.7%.[7] The performance of other PV technologies, 

such as CdTe, CIGS and CZTS thin-film solar cells, also benefits from the use of surface-

passivation strategies.[8] Taking inspiration from these improvements, we argue that a deeper 

understanding of the specific defect physics of perovskites and the use of passivation strategies, 

combined will lead to performance improvements in PSCs. 

In this review, we first consider how unintentional bulk defects may be eliminated by increasing 

the quality of perovskite crystals. Next, we describe available extrinsic defect-passivation methods 

to minimize interfacial and grain-boundary (GB) recombination losses. To improve device 

performance, we focus on surface-passivating materials that can be integrated into the contact 

stacks of devices without jeopardizing carrier extraction, with an in-depth discussion of their 

underlying passivation mechanisms. Finally, we correlate passivation schemes with their effect on 

minimized hysteresis, increased PCE (focusing on VOC improvement) and enhanced stability. We 

conclude by highlighting the remaining challenges in contact design that need to be solved and by 

providing an outlook on how passivating contacts will bring forward the market readiness of high-

efficiency PSCs. 

2. Role of Defects in Voltage and Hysteresis in Perovskite Solar Cells 

The VOC of a solar cell is directly related to the splitting of the electron and hole quasi-Fermi levels 

in its semiconducting absorber (and thus its excess-charge carrier densities, n and p) excited 

under specific illumination conditions, usually at one sun. In turn, n (usually, n  p) directly 
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depends on the effective free-carrier lifetime, eff, through eff = n/Ueff, where Ueff is the effective 

recombination rate. Notably, eff is a parameter that is fairly easily experimentally extracted and 

used to assess the electronic quality of a semiconductor. The fact that eff can strongly depend on 

n underlines the importance of measuring eff under excitation conditions that are representative 

for actual device operation, as well as always reporting the n value at which eff was measured. 

As recombination rates are additive in semiconductors, eff depends in perovskite absorbers on 

their bulk and surface recombination, according to:[9]  

          (1) 

In this, the bulk carrier lifetime, bulk, depends on the trap- or defect-induced (also referred to as 

Shockley-Read-Hall, τSRH) recombination, band-to-band radiative recombination (which is the 

reciprocal process of photon absorption, τrad) and Auger recombination (τAuger), as follows:[10]  

        (2) 

Figure 1a is a representative plot of these different contributions for a perovskite material as a 

function of n, using data taken from[10]. It is seen that SRH recombination dominates bulk at low 

carrier injection (Δn < ~1015 cm-3), whereas Auger recombination dominates at high injection (Δn 

> ~1018 cm-3). In PSCs, the VOC conditions under 1-sun illumination reportedly correspond to Δn 

~ 1016 cm-3.[5, 11] This Δn value is comparable to that in high-quality, well passivated, c-Si solar 

cells under similar operating conditions, such as silicon heterojunction solar cells. [12] We remark 

that Δn also strongly depends on the thickness of the absorber; c-Si solar cells usually have an 

absorber thickness >100 m, compared to at most a few hundreds of nm for perovskites. Therefore, 

the similar Δn value for the two technologies may be surprising, but is explained by silicon solar 
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cells’ much higher eff values, usually well above 100 s (compared to  < 1 s for perovskites),[10, 

13] a consequence of the indirect bandgap of c-Si. Figure 1a shows that PSCs are often rather 

limited by SRH (or radiative) recombination than by Auger recombination under standard solar 

cell operating conditions (approximately 1014 cm-3 < Δn < 1016 cm-3), which is explained by the 

relatively small Auger recombination rate constants; e.g., about 10-28 cm6s-1 was reported for 

methylammonium lead iodide (MAPbI3) perovskite thin films.[5] Fortunately, SRH recombination 

may be engineered away through process sophistication, eliminating the detrimental impact of the 

responsible defects in the material. For such recombination, the density of defects, their spatial and 

energetic distribution within the bandgap, as well as capture cross sections for electrons and holes 

(e and h, expressing the probabilities of free electrons or holes being captured in a defect state, 

respectively) all play a role in the expression for the SRH recombination rate, USRH, dictating also 

the dependence of SRH on Δn (Figure 1a). Often, a simplified expression is considered, SRH = 

(thNT)-1, which is independent of Δn. This relation represents either the low- or high-injection 

limit of SRH, and only takes into account the defect density NT, a single capture cross section , 

and the thermal velocity th. In the low-injection limit,  is the capture cross section for the 

minority carriers; in the high-injection limit  equals eh/(e+h). This explains the S-shape of 

SRH, as displayed in Figure 1a. Non-passivated MAPbI3 perovskites have sub-gap trap state 

densities in the order of 10151016 cm-3, compared with 10141015 cm-3 for others thin film 

technologies such as CIGS and CdTe.[14, 15] We note that the perovskite  values ( 10-15 cm2, 

measured by deep level transient spectroscopy, DLTS) are also comparable to that of other well-

known absorbers (CIGS  10-16 cm2, CdTe  10-1510-17 cm2, GaAs 10-1310-15 cm2).[16] Overall, 

we find thus that PSCs have a comparable electronic quality as other well established thin-film 

photovoltaic absorbers, which can be further improved by passivation schemes. 
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Surface recombination is essentially identical to SRH recombination, if only surface defects are 

taken into account. The surface recombination lifetime (τsurf) inversely scales with surface 

recombination velocity, 1/surf = (S1+ S2)/d, with S1,2 the surface recombination velocities at the 

respective surfaces and d the film thickness. Evidently, for low S, eff approaches bulk.[17] 

Experimentally, for polycrystalline methylammonium lead iodide (MAPbI3) films, S was reported 

to decrease from ∼ 103 – 104 cm s−1 to 4.5  102 cm s-1 in the presence of methylammonium (MA+) 

rich surfaces, indicating effective surface passivation.[17, 18] It is of note that the S of such 

polycrystalline films is found to be much smaller than that of single-crystal perovskites, which 

suggests synthesis-specific self-passivation effects.[17] Nevertheless, with the obtained S values, 

surface recombination remains one of the main limiting mechanism for eff of such polycrystalline 

perovskite films, which mandates the search for more effective surface and contact passivation 

strategies. 

 

2.1. High Electronic Quality of Perovskites Leads to Efficient Photovoltaics 

2.1.1. Role of Grain Boundaries on Recombination 

In polycrystalline films, defects such as interstitials and vacancies can be present in the bulk of the 

grains, at their surface, and especially at their GBs, often making them prime suspects as sources 

of recombination. Nevertheless, for CZTS, CIGS, and CdTe films, experimental and theoretical 

studies have also associated benign effects with the presence of GBs.[19, 20] This can be explained 

by the fact that defects and impurities at GBs can induce electrostatic potential barriers, which can 

cause the spatial separation of photogenerated electrons and holes,[20] decreasing carrier-

recombination at GBs. For perovskites, some simulation and experimental studies also report 

beneficial effects to GBs for charge separation[21, 22], whereas many others define GBs as 
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recombination centers.[23] Yin et al. proposed that GBs at MAPbI3 do not introduce deep gap 

states.[24] However, the defect level close to the valence band maximum (VBM) may still act as a 

shallow hole trap. Due to the accumulation of ionic defects at GBs, these regions are positively 

charged when the trap states are empty and neutral when the trap states are filled with 

photogenerated electrons.[25] de Quilettas et al. have argued that perovskite GBs show faster non-

radiative decay than within the grains by correlating photoluminescence (PL) dynamics with 

fluorescence microscopy experiments.[15] A recent study revealed that the grain size heterogeneity 

and presence of specific crystal facets at the GBs should also be considered when investigating the 

role of GBs.[26] On device level, numerical simulations indicate that increasing the grain size 

should result in higher PCEs.[27] These findings have been confirmed experimentally, using 

perovskite films with grain size varying from the nano-to-micrometer scale, obtained by 

techniques such as additive engineering, hot casting, and solvent annealing.[28, 29] From this, 

fabrication of thin (<1µm), single-crystal films seems to hold great promise for improved device 

performance (Figure 1b and 1c). Alternatively, as can be seen from theoretical work shown in 

Figure 1d, PCEs as high as 24  25 % may be achieved with a grain size of only 10 µm, provided 

that GBs and surface defects be eliminated.[27] Along similar lines, theoretically, a VOC of ~ 1.27 

V has been argued to be attainable for MAPbI3 perovskite with grain size as small as ~500 nm, by 

reducing the trap densities at GBs to values around the order of 109 – 1010 cm−3.[30] Millimeter-

scale grains or single-crystal thin films may thus not be mandatory to approach the practical PCE 

limits of the PSCs, under the condition that effective surface and GB passivation is implemented. 
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Figure 1. Effective bulk lifetime as a function of n in perovskites for a p-type doping 
concentration of p0 = 3×1015 cm−3 (Reproduced with permission[10]). b) Absorption depth of some 
state-of-the-art solar cell technologies which is derived from absorbance measurement using 1/α 
formula (Some data are reproduced from[31]). c) Calculated maximum PCEs for different thin-film 
absorber technologies as a function of film thickness (Reproduced with permission[21]). d) Device 
efficiency simulation result of PSCs as a function of grain size and surface passivation for the 
thickness of 500 nm (Reproduced with permission[27]). 

2.1.2. Merits of High Electronic Quality of Perovskite Absorbers 

Low voltage losses are characteristic for high-efficiency solar cells. As discussed earlier, non-

radiative recombination, which can have multiple causes, results in lower voltages, both at open 

circuit, as well as actual operating conditions, such as at MPP. Figure 2a summarizes the 

maximum achieved VOC values for a series of different state-of-the-art laboratory solar cells, 

relative to their respective optical bandgaps and Shockley-Queisser limits. To better compare 

technologies using absorbers with different bandgaps, WOC, as defined earlier, is a useful 
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parameter. We note that all marked PSCs in Figure 2 correspond to devices featuring some form 

of contact passivation, to be discussed below. Empirically, the WOC value can be correlated with 

the Urbach energy, E0, of the corresponding absorber material; E0 expresses the steepness of the 

absorption edge below the bandgap. Small values of E0 point to a sharp absorption edge and a 

well-ordered microstructure of the material. For state-of-the-art photovoltaic materials, a small E0 

appears to correlate well with a low WOC,[2, 32] as can also be seen in Figure 2b. Therefore, this 

parameter is a useful first indicator of the electronic quality of semiconductors, without requiring 

sophisticated device fabrication. Using Fourier transform photocurrent spectroscopy (FTPS), the 

E0 value of MAPbI3 was measured to be as low as 13.1 meV,[33] which is very close to GaAs (7.5 

meV, both values at room temperature)[34]. This low E0 value is nowadays considered to be one of 

the key characteristic features of metal halide perovskites. The origin of such a high electronic 

quality may be speculated to stem from strong coupling between cation Pb lone-pair s orbitals and 

anion p orbitals and the large atomic size of constitute cation atoms;[24] the s-orbital lone pair 

represents a pair of valence electrons in the outermost shell of atoms which is not used in any bond 

between atoms. Overall, we find thus that perovskites intrinsically feature a low energetic disorder, 

which is necessary criterion for high electronic quality. However, to unlock this intrinsic quality, 

perovskites must be further improved by passivation of local bulk defects, as discussed below.  

The FF of a solar cell is defined as the product of its current and voltage at maximum power output 

(relative to the product of its short-circuit current, ISC, and VOC). Therefore, the FF is strongly 

affected by the series and shunt resistance, but also by carrier recombination (at maximum power 

point conditions).[35] The latter effect is well illustrated by the semi-empirical expression given in 

Eqn (3), showing the dependency of FF on the VOC.[35, 36] 
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              (3) 

In this, oc = Voc/nkBT, m = oc – ln(oc + 1 – ln oc), kB is the Boltzmann constant, T is the 

temperature, q is elemental charge, and n is the diode ideality factor.             

 

Figure 2c plots the dependency of the FF on WOC for PSCs with different Eg and compares these 

values with those for some state-of-the-art laboratory cells (as of Jan. 2019). Empirically, this 

figure clearly demonstrates the universal trend how low WOC values enable high FF values, 

independently from the specific solar cell technology. For a given WOC, an even higher FF may 

still be possible by reducing the resistive losses of the contact stacks, such as the contact resistance 

(see arrow in Figure 2d). Specifically, this figure reveals that PSCs have a high FF potential thanks 

to their small WOCs. However, the reported experimental FF values do not yet reach this potential. 

This contrasts with the case of other, more established crystalline absorber technologies. In 

particular, Figure 2d suggests that the currently employed (passivating) contact stacks in PSCs 

may result in relatively large resistive losses. Combined, all panels in Figure 2 brings forward a 

strict hierarchy that needs to be obeyed, if one aims to develop a new high-performance solar cell 

technology: First of all, the employed absorber material should feature a low E0 energy; if not, it 

will be impossible to reach high operating voltages and FF values, no matter how sophisticated 

subsequent cell processing. If the low E0 energy condition is fulfilled, implementation of bulk 

defect passivating strategies, followed by the integration of low-resistance, passivating contacts 

are then next steps required to unlock the full potential of an absorber material for photovoltaics. 
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Figure 2. a) The VOC values for the champion laboratory cells. The shaded gray area shows the 
difference between bandgap and Shockley-Queisser limits for given bandgap value.[37] b) The 
correlation between E0 and WOC for typical absorber materials. The values in the parenthesis are 
showing the Eg of the selected absorbers. (Reproduced with permission[2]). b) The dependency of 
FF on c) VOC and d) WOC for the state-of-the-art PV devices. FF values were taken from the 
literature for different absorber technologies[38]. For panel c, the thick vertical solid lines shows 
the Shockley-Queisser limits for the given bandgap.  For PSCs, the FF values were taken from 
a=[39], b=[40], c=[41], d=[42]. All reported PSCs to have contact passivation. Shaded areas represent 
physically inaccessible parameter space. The dashed lines are only guide to the eye 
 

3. Passivation Routes in Perovskite Solar Cells 

3.1. Bulk Defect Passivation  
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Thermodynamically, perovskite crystals have low defect-formation energies.[43] Interstitial (e.g., 

Pbi) and substitutional defects (e.g., IPb, IMA, PbI) form deep-level defects within the perovskite 

crystal, resulting in non-radiative recombination losses.[43] Recent theoretical studies proposed that 

positively charged iodide vacancies (VI
+) are the dominant defect species in MAPbI3 perovskites, 

together with Pb2+ (VPb
2-) and MA+ (VMA

-) vacancies.[44]  Such vacancies may form shallow levels 

near the band edges, acting as unintentional doping sites. Although MAPbI3 is considered to be 

ionic, showing very weak covalency, first-principles calculations revealed strong covalency of 

both the Pb2+ cation and MA+ anion in MAPbI3.[45] Accordingly, the formation of  Pb2
+ dimers and 

I3
- trimers in the MAPbI3 crystal due to such strong covalency gives rise to deep charge-state 

transition levels within the bandgap.[45] Such defects create a gap level occupied by electrons, 

which could take thus the role as effective recombination centers.[46] On the other hand, low 

formation-energy defects such as MAi, VPb, MAPb, Ii, VI, and VMA, have shallow levels at less than 

0.05 eV above (below) VBM (conduction band minimum, CBM), making them inactive for 

recombination.[47] 

MAPbI3 is one of the most well-known perovskite absorbers. However, a notable issue with this 

material is that its MA+ ions tend to leave from the perovskite crystal upon heat and light 

exposure.[48] Therefore, mitigation of MA+ cations by alternative cations emerged as an important 

direction in research. Practically, the monovalent cations which have Goldschmidt tolerance 

factors between 0.8 and 1 can enter the lattice and form photoactive phases.[4] Cations with smaller 

atomic radius than MA+ such as Rb+, K+, Na+, and Li+ are also alternatives for MA+ replacement.  

However, ions smaller than Cs+ may accumulate at the GBs or be located at lattice defects instead 

of replacing the organic or inorganic cations. In this fashion, K+ incorporation into the triple-cation 

CsFAMAPbIxB3-x structure increased the grains size up to ∼1 μm, double the size of its K-free 
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counterparts. [49] The increased grain size of the perovskite absorber provides some benefits such 

as decreased trap density, increased PL lifetime and reduced hysteresis. Besides, these 

improvements resulted in a VOC enhancement on device level: 1.132 V has been reported for K-

CsFAMAPbIxB3-x devices, to be compared with 1.085 V and 1.097 V for FAMAPbIxB3-x and 

CsFAMAPbIxB3-x devices, respectively. On the other hand, Dae-Yong et al. reported that K+ 

incorporates into the perovskite lattice as a Frenkel defect due to the optimal cation/anion radius 

ratio.[50] The K+ ion fits well into the octahedral interstitial site and thus prevents ion migration. 

According to this hypothesis, the authors attributed the origin of the hysteresis to Frenkel defects 

rather than migration of VI, as Frenkel defects are induced by electron accumulation at the cathode, 

and K+ incorporation minimizes this type of defect formation. Abdi-Jalebi et al. also claimed that 

K+ atoms are decorating the surfaces and grain boundaries of the perovskite layer.[51] This process 

immobilizes the excess of halide and vacancies by forming inert K-based complexes at the grain 

boundaries and surfaces.[52] All these improvements can be identified as a self-passivation effect 

via K+ incorporation into the perovskite structure. 

MAPbI3 can be doped with metal ions with higher valency than Pb2+. For example, Wang et al. 

showed that at low Al3+ doping concentrations the density of crystal defects decreased, which was 

attributed to reduced microstrain in the lattice.[33] Furthermore, Al3+ doping showed a reduction in E0 

from 13.09 to 12.64 meV, which is indicative for reduced disorder in the lattice and suggests improved 

electronic quality of the perovskite films. Similarly, doping with monovalent cation halides such as Cu+, 

Na+, and Ag+ with comparable ionic radii to Pb2+ was proposed to passivate the surface or GBs of 

MAPbI3 perovskites.[53] Moreover, doping of the MAPbI3 by Pb2+ substitution with Sn2+, Sr2+, Cd2+, 

and Ca2+ was found to affect both the crystalline phase and the band-gap due to the different ionic 

interactions with iodine and divalent cations.[54] Incorporation of Cd2+ to the perovskite lattice, which is 
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isovalent to Pb2+ but has a smaller ionic radius, was found by Saidaminov et al. to increase the stability 

of the devices (maintaining >90% of their initial PCE after 30 days) by releasing the lattice strain and 

increasing the formation energy of vacancies.[55] Recently Ni2+ ions were found to passivate the PbI3
− 

anti-site defects and enhance the PL lifetime from 285 to 732 ns by increasing the crystal order and 

grain size.[56] For wide Eg perovskites, engineering the cation composition can help to achieve low WOC 

values, which is critical to achieve high-performance perovskite-based tandem solar cells. Owing to its 

strong dipole moment, incorporation of the MA+ cation to the mixed cation–halide wide bandgap 

perovskites reduces the formation of deep trap defects as well as healing the defects. Such treatment 

enables VOC as high as 1.25 V for Eg = 1.74 eV.[42] 

Interestingly, perovskite defects were proven to be passivated also through light exposure. Indeed 

Tsai et al. and Mosconi et al. experimentally and theoretically found that self-healing of bulk 

defects may occur, induced by applyng a light bias to the material. Moreover, this photo-induced 

passivation phenomenon was found by Tsai et al. more pronounced for mixed cation perovskites, 

and found to be an important factor to improve devices lifetime.[57] 

Overall, these results further support the consensus that the perovskite crystal is susceptible to defect 

formation, and either reducing the defect formation or healing such defects are successful approaches 

to achieve higher VOC and enhanced operational stability.  
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Figure 3. Schematic illustration of typical PSCs and detailed view of possible surface defects on 
perovskite crystals, e.g., interstitials, substitutional and vacancies. 

3.2. Surface and Grain Boundary Passivation  

In practice, independently from the deposition technique, surfaces and GBs of perovskites 

accommodate several defects such as cation vacancies and anti-site substitutional defects, as 

depicted in Figure 3.  On device level, the electron-transport and hole-transport layers (ETL and 

HTL) cover the opposite perovskite surfaces; under actual operating conditions, the 

photogenerated charges should be transferred to these respective interfaces and subsequently 

through the respective contact stacks with as little as possible resistance and recombination. 

However, local PL analysis revealed that these interfaces may act as undesired recombination sites 

which unfavorably affects the voltages and the charge-transfer processes on device level.[58, 59] To 

overcome surface recombination, tailored passivation schemes should be implemented at the 

interfaces. This can be done typically by i) chemical passivation, and ii) field-effect passivation, 

or iii) a combination of both. Figure 4 sketches the three possible passivation mechanisms. With 

chemical surface passivation, the density of the defects is decreased, leading to reduced 
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recombination rates. With field-effect passivation, free charges (either electrons or holes) are 

repelled from the interface, decreasing the probability of charge trapping at defect sites. In the 

ideal case, a combination of bulk and surface passivation, without inducing resistive losses, should 

give the best performance for PSCs. In the following sections, we discuss successful surface and 

GB passivation schemes, considering these main approaches. 

 

Figure 4. Sketches for the different passivation mechanisms of perovskites. Two different planes 
represent the bulk and interfaces. Blue spheres represent the charges (electrons or holes) whereas 
pits are showing the traps states. With bulk and surface passivation, NT can be decreased whereas 
with field-effect passivation charges can be expelled from the interfaces. These two mechanisms 
may work together as well. 
 
 

3.2.1. Non-stoichiometry  

Ideally, stoichiometric and defect-free perovskite crystals should not have any excess atoms in the 

structure. For any kind of inorganic material, non-stoichiometric atomic ratios may result in phase 
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segregation in the bulk or at the surfaces during the film formation process. In PSCs, this can 

sometines be exploited as a "self-passivation" effect. In this regard, a controlled excess of lead 

iodide (PbI2) in the perovskite layer has been argued to form a shell around the individual 

perovskite crystals in the films, improving device performance (Figure 5a).[60] Reduced carrier 

recombination at the GBs as well at the interfaces the perovskite shares with the ETL and HTL is 

likely the main reason for such improved performance.[61] However, an excess in the concentration 

of PbI2 can easily generate potential barriers at the extraction layers, due to the large bandgap of 

PbI2 (Figure 5b and 5c).
[29, 62, 63] Such potential barriers affect the charge transport properties and 

may induce carrier accumulation at the interfaces. On the other hand, a too low concentration of 

PbI2 may be insufficient to passivate the GBs and generate unwanted secondary effects such as ion 

migration and hysteresis, which severely affect the stability of devices.[64] However, by careful 

optimization of the excess amount of PbI2, a certified 20.9% PCE was achieved on tin oxide (SnO2) 

ETL which is showing the potential of the technique (Table 1).  

Similarly, an excess of methylammonium iodide (MAI) can passivate GBs.[65] This treatment was 

proved to increase the VOC from 1.029 to 1.118 V and FF from 68.3 to 75.5%, resulting in a PCE 

increase from 16.8 to 19.8%. In this case, a part of the MAI segregates to the GBs during film 

formation. Moreover, for defect passivation, intergranular MAI forms a conductive and continuous 

ionic pathway through the GBs. Ultra-thin MAI layers can be used for surface modification as 

well,[66] optimizing the band alignment between HTL and perovskite layers. With an optimized 4 

nm MAI layer on perovskite, the stabilized PCE was reported to be increased from 14.5 to 

17.2%.[66] 

Along similar lines, formamidinium bromide (FABr) has been used to passivate the surface of 

mixed-cation mixed-halide perovskites such as (FAPbI3)0.85(MAPbBr3)0.15 (together with an 
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excess of PbI2 as well).[67] This treatment forms the wider Eg (1.62 eV) FAPbBr3-xIx structure at 

the perovskite/HTL interface, effectively preventing carrier recombination. With this method, the 

PCE increased from 18.7 to 20.5%, and the Voc increased from 1.10 to 1.16 V. 

Overall, these studies suggest that other alkyl-ammonium halides might also useful to passivate 

the defects on the surface of the perovskite crystals. However, segregation of non-perovskite 

phases may introduce recombination centers; therefore, compositional adjustments should be 

performed with care. 

3.2.2. Additive Engineering  

Extrinsic additives, such as polymers, fullerene derivatives, inorganic acids, solvents, ionic 

liquids, and nanoparticles are currently being used to tailor the morphology of the perovskites 

by altering their crystal-growth dynamics.[68] Such additives have been found to passivate 

defects, effectively enhancing the VOC of devices. As an example, alkylphosphonic acid ω-

ammonium cations have been used to cap MAPbI3 crystal surfaces, resulting in the crosslinking 

of individual perovskite grains.[69] Such crosslinking is provided through strong H-bonding of 

the –PO(OH)2 and –NH3
+ terminal groups to the perovskite surface. Due to efficient charge 

transport through such well-interconnected perovskite networks and the perovskite/TiO2 

interface, a PCE increment from 8.8 to 16.7% was reported, along with improved device 

stability (Table 1). Similarly, tertiary amine hexamethylenetetramine [(CH2)6N4, HMTA] was 

used as an additive to coordinate Pb+2 ions in MAPbI3, yielding vertically aligned crystals and 

increased adhesion between perovskite and zinc oxide (ZnO) contacts.[70] Thiocyanates are also 

commonly used as additives. As an example, adding lead thiocyanate [Pb(SCN)2] to the perovskite 

precursor or using it as an interlayer improved all the photovoltaic parameters and reduced 

hysteresis by significantly increasing the crystallite size and passivating the GBs.[71] Interestingly, 
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SCN− ions are not found to be incorporated into the perovskite structure. Potentially, when 

MA+ cations react with SCN− anions, HSCN and CH3NH2 gases are formed during perovskite film 

growth due to the limited stability of the CH3NH3·SCN adduct.[72] Then, the separation of the 

HSCN and CH3NH2 gases induces PbI2–rich phases at the GBs. In turn, this excess of 

PbI2 provides GB passivation, as already described. Such passivation, combined with a remarkable 

increment of the grain size, was found to improve the FF and VOC of devices significantly. 

However, further increasing the excess amount of PbI2 causes performance losses, as also already 

discussed in the previous section. For this reason, adequate additive ratios of Pb(SCN)2 should be 

considered for specific perovskite compositions. For instance, a 20.1% PCE for MA0.7FA0.3PbI3 

with 3% Pb(SCN)2 and a 17.18% PCE for the wider bandgap FA0.8Cs0.2Pb(I0.7Br0.3)3 (Eg = 1.75 

eV) with 1% Pb(SCN)2 additives were reported, respectively.[73] Foreign additives are far from 

being limited to these examples, suggesting that additive engineering may become one of the key 

approaches to enhance the performance of PSCs. 

3.2.3.  Fullerene and Graphene-Based Capping 

Fullerene (C60) and its derivatives (e.g., PCBM, PC70BM) are widely used ETLs in PSCs due to 

their high mobility, efficient electron-extraction, and hole-blocking properties. Notably, PCBM 

can also act as a passivation molecule for perovskites by accepting an electron from negatively 

charged PbI3
− anti-site defects or under-coordinated halide ions (Figure 5e).[39] Indeed, spin-

coating a thin PCBM layer on the perovskite layer leads to a notable PCE enhancement, 

eliminating the hysteresis as well.[74, 75] Blending PCBM molecules into the perovskite precursor 

can lead to homogeneously distributed PCBM within the GB network of the perovskite.[76] Again, 

this passivates the PbI3
− anti-site defects at GBs. Density functional theory (DFT) calculations 

suggest that bonding of PCBM to PbI3
− anti-site defects is thermodynamically favorable (Figure 
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5d).[76] Such bonding promotes carrier extraction at the grain boundaries via continuous pathways, 

leading to improved PCEs and reduced hysteresis. On the other hand, fullerene passivation of VI 

defects creates iodo radicals. This generates iodine that can easily sublime, causing new VI 

defects,[77] making this approach less desirable. Nevertheless, fullerene passivation is commonly 

used to prevent hysteresis in PSCs. 

 

Figure 5. a) Schematic illustration of the excess PbI2 at the perovskite/TiO2 and perovskite/HTL 
interface  (Reproduced with permission[60]). b) GB with a large surplus of PbI2 (Reproduced with 
permission[62]). c) SEM surface morphology of the perovskite layer with and without excess PbI2 layer 
(Reproduced with permission[64]). d) A schematic of PCBM passivation of Pb-I anti-site defective GB 
(Reproduced with permission[76]). e) Illustration of the elimination of surface recombination by 
passivating the trap states (Reproduced with permission[74]). 
 

3.2.4. Lewis Acid-Base Adduct Surface Modification  

Electron-rich and electron-poor chemicals (i.e., weak Lewis acids and bases) can create strong 

chemical bonds. Similarly, halogenated organic compounds and halide anions create a strong 

interaction via halogen bonding.  Therefore, the Lewis acid/base adduct approach can be used to 

passivate halide defects present in perovskites such as undercoordinated halide ions at the 
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perovskite/HTL interface, which act as traps for the hole. To resolve this issue, halogenated 

organic compounds such as iodopentafluorobenzene (IPFB) can be used to passivate the 

perovskite/spiro-OMeTAD interface. Using electronegative fluorine atoms, IPFB withdraws 

electrons from the iodine, bonded to the aromatic ring. This leaves a partially positive charge on 

the halogen.[78] In this way, IPFB strongly interacts by supramolecular halogen bonding with the 

undercoordinated halide ions (Figure 6a).[79] As a consequence of IPFB passivation, the FF of the 

devices is dramatically improved whereas the JSC and VOC remained unchanged. 

Similarly, thiophene and pyridine can passivate under-coordinated Pb+2 atoms on the surface of 

MAPbI3-xClx perovskite, significantly reducing defect-assisted recombination.[80]. Along these 

lines, electron-rich sulfur (δ−) atoms of hexylthiophenes also passivate the positively charged 

surface defects (δ+).[81] Alternatively, indacenodithiophene, end-capped with 1.1-

dicyanomethylene-3-indanone (IDIC) may be used, through interaction between the under-

coordinated Pb+2 sites and the cyano (CN) and carbonyl (CO) groups of a π-conjugated Lewis 

base.[82] Here, IDIC efficiently extracts electrons from the perovskite due to its n-type 

semiconducting properties, replacing the standard PCBM layer. Such passivation was observed to 

increase the VOC of the devices from 1.03 to 1.11 V. 

Lewis acids/bases passivate either positively or negatively charged defects. However, both types 

of defects may simultaneously be present on perovskite surfaces. In this context, zwitterion 

molecules (quaternary ammonium halides) can be a choice as passivants, since the ammonium and 

the halide ions are positively and negatively charged, respectively (Figure 6b).[83] With choline 

chloride passivation, the PCE of PSCs with different perovskite compositions was increased, 

compared with the devices with PCBM passivation. This modification resulted in one of the 

highest PCE (21%) for p-i-n PSCs.[39] 
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Surface treatments by strong electron acceptors such as 2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ) can also be used as a p-type surface dopant, where electrons 

diffuse from the perovskite to the lowest unoccupied molecular orbital (LUMO) of F4TCNQ.[84] 

Practically, this process results in p-type doping of the perovskite surface. The induced field-effect 

passivation at the interface blocks electrons from diffusing to the HTL. Additionally, F4TCNQ 

interacts with iodine ions in the perovskite through halogen bonding, in this way, F4TCNQ yields 

field-effect and chemical passivation simultaneously. Alternatively, benzenethiol, which is an 

organosulfur compound forming Pb–S coordination bonds, also changes the interfacial dipole 

moment and band alignment, resulting in a more facile charge transfer.[85] 

A proper selection of passivating molecules can also aid in improved moisture stability, along with 

enhanced PCEs. Among these, benzylamine modification of formamidinium lead iodide (FAPbI3) 

films is an example.[86, 87] In this case, the amino groups help to anchor these molecules to the Pb-

I framework with two possible scenarios: i) through coordination with the Pb+2 ions or ii) forming 

H bonding with the iodide ions. Whereas the π-conjugation structure favors an enhanced charge 

transport, the hydrophobic nature of the benzene rings aids in moisture stability of the perovskite 

layer. Integrated into devices, this treatment improved both VOC and JSC, resulting in an PCE 

increase from 14.2 to 17.2% and enhanced stability of the devices for more than four months in 

moist air. With a similar approach, PFN-2TNDI molecules (amino-functionalized copolymer 

semiconductor) were used for passivation purposes.[88] Here, the nitrogen atom in the alkylamine 

side of PFN-2TNDI provides the electron-rich functional group. This neutralizes the excess of 

positive charges which are induced by undercoordinated metal atom on the surface of the 

perovskite crystal by donating lone pair electrons to Pb+2 atoms. 
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Similarly, graphene and graphene oxide can be used to enhance electron extraction from the 

perovskite absorber. Graphene quantum dots (GQD) have already been used for GB passivation, 

forming a H bond between MAPbI3 and C24H12. With careful optimization of the GQD/perovskite 

blend, the GB recombination rate was decreased with the help of the conductive nature of GQDs, and 

the PCE of the devices was improved from 16.29 to 17.62%.[89] Functionalized graphene oxide was 

also found to successfully passivate perovskite surfaces (Figure 6c).[90] Functional groups of 

graphene flakes (4-Fluorophenyl) may interact with under-coordinated Pb+2 ions, whereas 

graphene oxide enhances the extraction of holes as supported by the enhancement of the VOC from 

1.03 to 1.11 V. 

Overall, all these techniques have proved to yield remarkable increments in PCE, showing the 

compelling side of the Lewis acid-base adduct method to passivate the surface defects of the 

perovskite crystals. Within this approach, alternative chemicals, which can co-passivate the 

different charged defects, may further increase the VOC, close to its practical limit.  

  

3.2.5. Ultrathin Dielectric Oxide Layer Capping  

Surface defects of c-Si solar cells are often passivated by ultrathin dielectric materials such as silicon 

oxide (SiOx), silicon nitride (SiNx), aluminum oxide (Al2O3).[13] These layers provide either chemical 

passivation, by removing the sub-band gap energy states associated with Si dangling bonds at the 

surface, or field-effect passivation (often based on fixed-charge densities embedded in the dielectric 

layer, close to the c-Si surface), which screens the defects either from electrons or holes. Taking 

inspiration from this, ultrathin dielectric materials can also be used to passivate perovskite surfaces. 

Atomic layer deposition (ALD) of ultrathin (~1 nm) Al2O3 has been reported for chemical passivation 

of surface defects of perovskites as well as impeding moisture ingress (Figure 6d).[91] With Al2O3 
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passivation, the VOC of devices increased by 50 mV, and their PCE increased from 15.1% to 18% (Table 

1). With a similar approach, other metal oxides, and possibly nitrides and carbides, may be used for 

passivation as well. To date, only a few studies reported metal-oxide passivation by ALD since this 

technique often requires water cycles in the growth process which can be detrimental for the structural 

stability of the perovskites.[92] Sometimes, ALD precursors also can degrade the perovskite absorber. 

To avoid such degradation, deposition parameters such as employed precursors, water cycles and 

temperature should be carefully optimized. Alternatively, other non-destructive techniques should be 

developed for ultrathin conformal coatings. 

Figure 6. a) Schematic view of the halogen bond interaction between the IPFB (halogen bond 
donor), and a generic halogen anion (X− = I−, Br−, Cl−, halogen bond acceptor with sp3-hybridized 
valence electrons. Schematic view of the IPFB assembly on the crystal surface. (Reproduced with 
permission[79]). b) Assembling quaternary ammonium halides on the defect sites (the red and blue 
symbols represent the N atom and O atom of the choline chloride molecule, respectively.) together 
with J–V characteristics of the PSCs for control and with choline chloride passivation (Reproduced 
with permission[39]). c) Schematic of the possible passivation effect brought by rGO-4FPH together 
with J–V characteristics of the control and passivated PSCs (Reproduced with permission[90]). d) 
High angle annular dark field (HAADF) scanning TEM image of perovskite/Spiro-OMeTAD 
interface after ALD deposited Al2O3 passivation together with J–V curve of control and passivated 
(10 cycles) (Reproduced with permission[91]) 
 

3.2.6. Polymer Layer Capping  
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Polymers are attractive for the passivation of vacancies on the perovskite surface. In general, the 

reported passivating polymers form bonds between the H atoms in alkylammonium of the perovskite 

(e.g., MA+) and O atoms in polymers, as well as by the strong interaction between lone pairs of electrons 

from S and N atoms in the polymer and Pb2+ ions in the perovskite crystal. Additionally, polymers can 

act as effective moisture barriers thanks to their hydrophobic nature, helping in enhanced device 

stability. 

Lewis-base polymers which feature (C=O) groups can passivate under-coordinated Pb2+ atoms in 

the perovskite structure. For instance, poly(methyl methacrylate) (PMMA) has been introduced as 

a passivating polymer; its interaction with PbI2, with the formation of an intermediate adduct, was 

confirmed through FTIR analysis.[93],[94] Indeed, the deposition of very thin PMMA overlayers on 

top of MAPbI3 enhances the PCE from 16.8 to 20.4% whereas the VOC is increased from 1.09 to 

1.14 V by filling the surface and GB defects.[59, 95] PMMA passivation of both the perovskite/HTL 

and perovskite/ETL interfaces enables VOCs as high as 1.22 V for Eg = 1.60 eV (Table 1).[96] 

Poly(4-vinyl pyridine) (PVP) is another successful example within this group of polymers.[97]  A very 

thin (< 10nm) layer of PVP improves the VOC with 160 mV by allowing the holes to tunnel while 

blocking the electron transfer at the perovskite/HTL interface. Meanwhile, thanks to the 

hydrophobic nature of the PVP, passivated devices also retained 85% of their initial PCE over 30 

days in a 50% humidity atmosphere whereas non-protected devices degraded easily. PVP blending 

with the MAPbI3 perovskite precursor provides ultrathin GB and surface coverage by thin 

polymer films.[98] This treatment improved the VOC from 1.09 to 1.16 V and PCE from 18.02 to 

20.23%. Similar to surface passivation, PVP blending also helped to retain 85% of the PCE 

over 90 days, while the non-passivated cell completely degraded in 4 days. Alternatively, 

polystyrene (PS) has also been explored as a passivant for perovskite surfaces.[99]. A very thin 
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layer of PS between the HTL and the perovskite can increase the PCE >20%, along with reduced 

hysteresis. Apart from hydrophobic polymers, hygroscopic polymers such as poly(ethylene 

oxide) (PEO) can be used as well for surface passivation, stabilizing the PSCs. [100] Overall, 

these studies show the potential of polymers that interact with Pb2+ ions as good passivation-layer 

candidates. On the other hand, although polymer passivation enhances the VOC, the insulating 

character of the polymer usually acts as a resistive interlayer on device level. Therefore, polymer-

passivated PSCs usually show slightly lower FF values when compared with other passivants; see 

also data in Figure 2b. To enhance further the PCE of PSCs, more conductive polymers that can 

passivate multiple defects are required.  

3.2.7. 2D Perovskite Capping 

Two-dimensional (2D) layered Ruddlesden–Popper phase perovskites have been demonstrated to 

be more resilient to atmospheric degradation when compared to their traditional 3D counterparts. 

The typical 2D perovskites consist of inorganic layers of corner-sharing lead-iodide octahedra, 

confined between alkyl-ammonium cations.[101] The conversion of the perovskite structure from 

3D to 2D occurs by steric effects, by replacing the small organic cation with much larger organic 

cations. Using n-butylammonium (BA) spacer cations to form the (BA)2(MA)3Pb4I13 2D 

perovskite absorber, higher than 12% PCEs have been reported, along with enhanced humidity 

tolerance.[102] Nevertheless, the device performance of 2D-based PSCs lags behind its 3D 

counterparts, which most likely is due to the insulating nature of the organic cation interlayers, 

inhibiting out-of-plane charge transport through the contacts.[102]  

Inserting a 2D or quasi-2D spacer between the 3D perovskite absorber and HTL can also be a 

method to passivate interfacial defects. Such layers are obtained when perovskites such as 

(FAPbI3)0.88(CsPbBr3)0.12 with excess PbI2 are exposed to 5-AVAI (5-ammoniumvaleric acid), 
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forming the 2D (5-AVA)2PbI4 perovskite.[103] The presence of 2D perovskite at the 

perovskite/HTL interface improves the VOC from 0.98 to 1.07 V and the PCE from 13.72 to 

16.75%.[103] Alternatively, phenethylammonium iodide (PEA) can form an ultrathin 2D perovskite 

layer (PEA2Pb2I4) at perovskite surfaces and GBs which prevents moisture ingress by hydrophobic 

benzene groups of PEA.[104, 105] PL analysis on 2D/3D mixed perovskites revealed that short-

wavelength tails are observed when the samples are illuminated from the glass side (including 

ETL). This is indicative for the self-formation of 2D or quasi-2D perovskite interlayers.[105, 106] 

Benzylamine molecules have also been explored to suppress photo-induced degradation under 

heating at 85 °C by passivating surface and GBs with the 2D perovskite BA2PbI4. In addition to 

defect passivation, the presence of the 2D perovskite effectively blocks the ion migration path and 

removes those defect sites that may initiate decomposition and phase segregation, which often 

occurs in wide bandgap (Eg ≥ 1.72 eV) perovskites.[87] Recent studies showed that incorporation 

of BA+ within cesium-formamidinium lead halide perovskite forms 2D interspersed perovskite 

layers between highly orientated 3D perovskite grains.[107] This procedure enables increased power 

output of devices and preserves 80% of their initial efficiency after 1,000 hours in the air, and close 

to 4,000 hours when encapsulated. Mixed 2D/3D passivation by iso-butylammonium iodide 

(iBAI) results in a stabilized PCE of 21.7%, along with excellent moisture resilience.[108] (Figure 

7a). A recent study explored the importance of the structural features of long organic cation on 

mixed perovskites for the stability of devices.[109] By using long alkyl chains surfactants, individual 

grains can be encapsulated by 2D layers (Figure 7b). The addition of a small amount of long-

chained octylammonium (OA) can provide such behavior, enhancing the PCE up to 20.6% 

compared to 18.4% of the control sample, together with increased humidity resistance.[109] More 
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detailed discussion on 2D-perovskite based passivation of the PSCs can be found in the 

comprehensive review by Grancini et al.[110] 

Overall, these studies reveal that 2D/3D perovskite structures acting as a selective surface 

passivant are promising to increase the stability of PSCs, combined with improved performance. 

Furthermore, thanks to preventing phase segregation in wide bandgap perovskites, capping by 2D 

perovskites can be the key for the development of stable, high-performance perovskite-based 

tandem solar cells, which require such wider bandgap perovskites. 

 

Figure 7. a) Schematic illustration of the self-assembled 2D/3D perovskite film structure after 2D 
perovskite formation with different chain lengths. (Reproduced with permission[109]) b) Schematic 
of the iBAI passivation treatment together with JV curves and stability graph of the passivated 
and non-passivated devices. (Reproduced with permission[108]) 
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Table 1. Survey of some available passivation routes in the literature showing reduced hysteresis increased VOC of PSCs. (*,**) 

Passivation Method Perovskite Absorber 
Device 

Architecture 
Sample 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 
HI Ref. 

Surface and Grain Boundary Passivation 

Additive of 

alkylphosphonic acid 
MAPbI3 n-i-p 

Control 0.86 15.60 0.66 8.8 2.05 
[69] 

Passivated 1.00 22.05 0.75 16.55 2.34 

Quaternary ammonium 

halide anions and cations 
FA0.85MA0.15Pb(I0.85Br0.15)3 p-i-n 

Control 1.03 23.7 79 19.2 - 
[39] 

Passivated 1.14 23.7 78 21.0 0 

PMMA passivation MAPbI3 n-i-p 
Control 1.11 20.9 73.1 16.8 1 

[95] 
Passivated 1.14 23.4 76.6 20.4 1.7 

Non-stoichiometry 

(Excess PbI2) 
(FAPbI3)1−x(MAPbBr3)x n-i-p 

Control 1.06 23.05 74.86 18.37 5.7 
[64] 

Passivated 1.13 23.69 76.40 21.52 1.5 

Ultrathin Al2O3 layer 

overlayer 
MAPbI3-xClx n-i-p 

Control 1.03 21.3 0.69 15.1 5.2 
[91] 

Passivated 1.08 21.7 77.0 18.0 1.4 

2D Perovskite capping (FAPbI3)0.88(CsPbBr3)0.12 n-i-p 
Control 0.99 21.13 66.0 13.72 3.7 

[103] 
Passivated 1.07 21.93 72.0 16.75 1.3 

Contact Passivation 

Cl-capping on TiO2 Cs0.05FA0.81MA0.14PbI2.55Br0.45 n-i-p 
Control 1.13 21.6 76.0 18.5 4.5 

[111] 
Passivated 1.19 22.30 80.6 21.4 0 

PMMA:PCBM on TiO2 Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 n-i-p 
Control 1.09 23.2 72.8 19.6 0.9 

[41] 
Passivated 1.16 23.10 76.2 20.4 0 

Double side passivation 

(front PMMA:PCBM, 

back PMMA) 

Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 

n-i-p Control 1.11 22.85 77.0 19.50 1 

[96] 
Passivated 1.20 22.60 76.4 20.8 

0 

MgO-protonated 

ethanolamine on ZnO 
(CsFAMA)Pb(BrI)3 n-i-p 

Control 1.09 18.31 73.5 18.31 1.45 
[112] 

Passivated 1.12 23.86 78.9 21.08 0.17 

*All efficiency results are obtained from reverse scan bias direction. 
**HI: Δ(PCE)=|RS(PCE)-FS(PCE|
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3.3. Contact Passivation  

PSCs can be fabricated either in the n-i-p or p-i-n device configuration; the first letter refers to 

which contact was deposited first, as sketched in Figure 8a. Beyond nomenclature, the device 

configuration influences several physical properties. Therefore, passivation techniques need to 

be specifically designed according to the type of contacts. In this section, we firstly discuss 

state-of the-art-contacts and give then an overview of the most successful contact passivation 

techniques. 

3.3.1. State-of-the-art contacts 

For the n-i-p architecture, the electron-selective contacts are often mesoporous, which are 

mostly adapted from dye-sensitized solar cell (DSSC) technology. Indeed, early PSCs featured 

perovskite precursors fully infiltrating the micrometer-sized scaffold.[113],[114] Soon, improved 

understanding of the device photophysics led to a gradual reduction of the scaffold thickness, 

from 10 µm to only a few hundreds of nanometers[115]. The validity of this approach is also 

evidenced by the evolution of the record-device architectures over time. Currently, a stack of ~ 

60 nm of compact TiO2 (c-TiO2) covered by ~ 150 nm of mesoporous TiO2 (m-TiO2) represents 

the most efficient ETL in PSCs as present in the device with the current certified PCE of 

22.7%.[116] 

Efficient PSCs can also be processed on planar ETLs without having a mesoporous scaffold. 

Due to the surface defects and limited interfacial area, c-TiO2 based PSCs often result in poor 

efficiencies. This can be improved by ionic-liquid modification of the c-TiO2, which reportedly 

led to a certified PCE of 19.4%.[117] Similarly, chlorine-capping of TiO2 nanoparticles as ETL 

resulted in a 20.1% certified PCE.[118] ZnO also has been argued to be a promising planar ETL 

thanks to its exceptionally high carrier mobility, high optical transparency, and ease of 

fabrication.[119] However, direct deposition of the perovskite layer on ZnO shows poor chemical 
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stability and high hysteresis on device level, which implies that to achieve stable, high 

efficiencies, surface passivation is needed. Recently, 21.1% hysteresis-free PSCs have been 

reported by modifying ZnO with magnesium oxide (MgO) and protonated ethanolamine (EA) 

via tuning the chemical interactions at the ZnO/perovskite interface.[112] SnO2 is another 

attractive ETL candidate for efficient PSCs thanks to its broadband transparency (Eg of 3.6 eV), 

combined with significantly higher mobility than TiO2.
[120-122] Recently, numerous groups 

achieved more than 20% PCE with a low-temperature solution-processed SnO2 ETL.[121, 123] 

Actually, with a 21.52% certified PCE, SnO2 is the most successful ETL for planar PSCs, to 

date.[124] Notably, organic ETLs are usually unsuited for the realization of n-i-p PSCs due to the 

high solubility of organic compounds in most of the commonly used perovskite solvents such 

as dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). Nevertheless, cross-linked 

fullerene-based molecules may be able to overcome this issue. As an example, using cross-

linked PCBM a PCE of 18.7% has been achieved.[125] 

Although n-i-p PSCs are leading the way in record efficiencies, the p-i-n device architecture 

also enables high performance. The lack of solvent-compatible polymers and efficient p-type 

metal oxides has been are arguably the main causes inhibiting the rapid rise of p-i-n PSCs; for 

several years the HTL was essentially limited to PEDOT:PSS. However, notable improvements 

in device performance were obtained by introducing nickel oxide (NiOx) and copper 

thiocyanide (CuSCN) as HTLs. Compared to PEDOT:PSS, NiOx, features a better band-

alignment to the perovskite, enabling higher VOC values.[126, 127] A bilayer of planar NiOx and 

mesoporous copper gallium oxide (CuGaO2) also yielded efficiency of ~20% with long-term 

stability.[128] Recently, copper phthalocyanine (CuPc) has been validated as a promising HTL 

with a PCE over 20% and good light stability.[129] Currently, p-i-n PSCs were reported with a 

PCE over 21%, using poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) as HTL.[39] 
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Figure 8b shows the chronological evolution of the PCE of most reported device configurations 

sketches for the n-i-p and p-i-n device architectures. 

 

Figure 8. a) Schematic representation of n-i-p and p-i-n PSCs with a detailed view of the 
perovskite/ETL interface. b) The type of material employed in common devices is reported in 
the legend. Evolution of PSCs efficiency for m-TiO2, c-TiO2, SnO2, and p-i-n devices. Results 
are taken from literature: a=[113]; b=[114]; c=[130]; d=[131]; e=[132]; f=[133]; g=[123]; h=[116]; i=[1]; 
j=[134]; k=[117]; l=[118]; m=[120]; n=[123]; o=[64]; i=[135]; ii=[136]; iii=[137]; iv=[138]; v=[139]; vi=[39]; 
vii=[140]; viii=[141]; ix=[142]; x=[143]; xi=[144]; xii=[145]; xiii=[146]; xiv=[147]; xv=[148]. 

3.3.2. Charge-Transport Layers: Bulk Passivation 

The reason why some contact structures result in better device performance than others is not 

yet fully understood, either for the n-i-p or p-i-n architectures. Early works argued that the 

energetic alignment between the contact and perovskite absorber layers as the main factors 

dictating the performance of the PSCs. More recently, the absence of carrier transport barriers 

along the different interfaces, from perovskite towards the external electrodes, is seen as the 

most important contact property. The champion performance of the c-TiO2/m-TiO2 stack ETLs 

have been achived from the continuousoptimization of its scaffold properties, with specific 
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attention for the defects. This can be taken as an inspiration when developing new contacting 

materials. 

In the defective TiO2 crystals, the absence of one neutral O atom leaves one point defect and 

two under-coordinated Ti3+ atoms (Figure 9a and 9b). This results in a localized vacancy state, 

positioned at 0.75–1.18 eV below the conduction band.[149] This defect level essentially acts as 

an electron trap. Its density increases with increasing O vacancy density, both for the rutile and 

anatase phases; ultimately these levels merge with the conduction band of TiO2. A similar 

understanding of defects was recently developed for flat SnO2. Here, a sub-stoichiometry in O 

induces again intrinsic defects, in the form of O vacancies, giving the material its characteristic 

n-type behavior.[150] A summary of the most common defects in TiO2, SnO2 are shown in 

Figure 9b and 9c. 

 

Figure 9. a) Example of O vacancy and passivation of these defects +3 valency atoms 
(Reproduced with permission[151]), b) illustration of O vacancy defects on the surface TiO2 
(Reproduced with permission[152]), c) Sn interstitial in SnO2 lattice. In blue are represented 
interstitial atoms, in green nearest-neighbor O atom, in red O, in the gray Sn (Reproduced from 
[150]). d) Schematic illustration of energy disorder influence on the VOC of a p-i-n device. The 
purple and blue dashed lines are the electron and hole quasi-Fermi levels of devices with 
ordered and disorder PCBM layer, respectively (Reproduced with permission[153]). 
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Trap-filling and O desorption from the crystal lattice are promising methods to increase the 

conductivity of TiO2 layers. To facilitate these processes, heteroatom doping can be a simple 

method to modify the electronic properties of the TiO2. Indeed, a work function (WF) reduction 

(i.e., towards n-type character) is observed in TiO2 doped by penta (or greater) valent ions, 

whereas a WF increase (i.e., towards p-type character) is observed when doping with lower 

valence ions.[151] Accordingly, extrinsic dopants with +3 valence have been reported to provide 

effective passivation of TiO2 by suppressing unwanted trap states.[154],[151] For example, Al3+ 

can be incorporated within the TiO2 lattice as interstitial, substitutional to Ti4+, or both since 

the ionic radius of Al3+ is close to that of Ti4+ and Ti3+.[151, 155] Ab initio calculations indicate 

that the substitution of two Ti4+ with Al3+ shows thermodynamically and electronically more 

favorable characteristics than a single O-vacancy.[156] Indeed, through this mechanism, O-

defects can be excluded from the TiO2 lattice without generating additional defect levels. 

Additionally, doping with Al3+ causes an upward shift of the CBM, increasing the Eg of 

TiO2.[151] Indium is another dopant with +3 valence, with the potential to passivate electronic 

defects originated from non-stoichiometric O within the TiO2 lattice.[154] Moreover, In-doping 

increases the conductivity of c-TiO2, resulting in devices with FF values close to ~80%. Lastly, 

In-doping improves the electrical properties of the perovskite/TiO2 interface by the upward 

shifting of the CBM of the c-TiO2 layer. Similar upward shifting of the CBM and increased 

conductivity can be obtained by Y doping of  c-TiO2 layer.[157]  Interestingly, Li-doping of the 

surface of the c-TiO2 can facilitate faster electron transport by partial reduction of Ti4+ to 

Ti3+.[158] Thanks to the passivation of the surfaces defects, the Li-treated devices show overall 

better performance with higher VOC, compared to the untreated references. A summary of some 

reported results for TiO2 passivation is presented in Table 2. 
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Table 2. Successful heteroatom doping in literature as defects passivation of TiO2 for PSC 
applications. 

Dopant 
 

Voc 

[V] 
Jsc 

[mA cm−2] 

FF 

[%] 
PCE 

[%] 
WF 

[eV] 
Perovskite 

Composition 

Ref 

In Control 1.10 22.9 74.5 18.8 -4.22 CsMAFAPbIBr [154] 
 

Doped 1.10 23.1 79.1 20.1 -4.00 

Yt Control 1.10 21.82 72.9 17.50 -4.08 CsMAFAPbIBr [157] 
 

Doped 1.10 23.24 78.2 19.99 -3.95 

Li Control 1.04 22.7 72 17.1 / MAFAPbIBr [158] 
 

Doped 1.11 23.0 74 19.3 / 
 

 

Even in fullerene-based ETLs, material disorder such as low crystallinity, random molecular 

orientations, and impurities can generate intermediate gap states, with a broadly distributed 

density of states (DOS) (Figure 9d).[153] Such defect states may result in recombination losses 

in the perovskite and thus decreased VOC on device level. Ordered PCBM is found to feature a 

lower concentration of intermediate states with a narrower distributed DOS, compared to 

disordered PCBM, which results in 100 mV enhanced VOC.[153] Other polymer-based ETLs and 

HTLs also require reduced disorder to enable enhanced VOC. These studies highlight the 

urgency of developing new charge-transport layers with high structural order and the capability 

of passivating the defects within such films.  

3.3.3. Charge-Transport Layers: Interfacial Passivation  

The presence of dangling bonds on the surface of ETLs or HTLs generates trap states at their 

interface with the perovskite, causing recombination and reducing the PCE. Moreover, surface 

defects of such layers may act as crystallization sites, which can undesirably affect perovskite 

nucleation. This motivates the development of interlayer materials and methods for contact 

passivation. The main limiting factors for the development of passivation layers are given by 

the (limited) choice of solvents that is compatible with the perovskite solvents and by the 

maximum annealing temperature that is compatible with the device fabrication. Accordingly, 
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C60 self-assembled monolayers (SAM) is found to be robustly anchored to the m-TiO2 scaffold 

and resistant to the perovskite solvents.[159, 160] Indeed, anchoring the C60-SAM to c-TiO2 via 

benzoic acid group, yields an increased PCE with suppressed hysteresis.[160] This improved 

performance is attributed to a reduced DOS at the TiO2 surface, resulting in less recombination 

at the perovskite/TiO2 interface. Alternatively, passivating ZnO with SAM obtained from 3-

aminopropanioc acid (C3-SAM) enhances the morphology of the perovskite and also improves 

the energy alignment between the ZnO layer and the perovskite.[161] Overall, this treatment 

improved the PCE from 11.96 to 15.67%. With the same technique, a ∼10% relative PCE 

improvement compared with the untreated sample was achieved by treating the surface of SnO2 

with SAM of pyridinecarboxylic acid.[162] Similar to the passivation of perovskite surfaces, 

ultrathin metal oxides can also be used for passivation of ETL and HTL surfaces. The presence 

of the wide bandgap ultrathin metal oxide layer suppresses interfacial charge recombination.  

For instance, ultrathin ALD Al2O3 effectively passivates the c-TiO2/m-TiO2 interface, 

enhancing the JSC and FF.[163] In another study, a sol-gel deposited nano-layer of MgO on top 

of the TiO2-nanoparticles ETL provides enhanced VOC and FF.[164] Following this direction, 

lantanum oxide (La2O3) modification of the m-TiO2 scaffold resulted in a 110 mV increase in 

VOC, along with an increase of the PCE from 9.43% to 15.81%.[165] Another interesting 

modification of the m-TiO2 layer consists of incorporating cesium bromide (CsBr) in the dense 

scaffold of TiO2 nanoparticles.[166] The inclusion of CsBr facilitates charge extraction from the 

scaffold by reducing carrier recombination, which is consistent with an enhancement in VOC of 

40 mV. Inorganic binary alkaline halides (e.g., KI, KCl) are also good passivants for SnO2 ETLs 

by passivating both positively and negatively charged ionic defects at perovskite/ETL interface. 

KCl treatment of SnO2 provides 100 mV VOC enhancement and PCEs up to 20.5%, together 

with negligible hysteresis behavior.[167]  



  

37 
 

Passivation of the perovskite/HTL interface is studied in the p-i-n architecture as well. To 

enhance the VOC of the PSCs, the surface modification of PEDOT: PSS has been widely 

studied.[168] Later, NiOx was also found to be a promising HTL, but featuring surface defects 

such as highly reactive O dangling bonds induced by Ni vacancies.[127, 169] Several studies on 

passivating such specific defect haves been reported previously.[170] However, exceeding the 

20% PCE with NiOx HTLs still requires surface passivation schemes that are waiting to be 

explored. Lastly, PTAA, which is giving the highest PCE for p-i-n configuration PSCs to date, 

also likely benefits from proper passivation schemes. Some important device parameters have 

been summarized in Table 1 for selected surface passivation schemes of the charge transport 

layers. 

In summary, all the techniques discussed here systematically improved device performance, 

highlighting the importance of passivation. We note that the VOC represents the most evident 

parameter that benefits from passivation since it directly relates to the reduction of non-radiative 

recombination processes. However, the FF of devices is perhaps an even more critical 

parameter to be considered. Here, the challenge evidently is to find structures that combine low 

recombination with low (contact) resistance. Overall, there is still a wide choice of materials to 

be explored that may fit all needed criteria for successful integration in devices: zirconium oxide 

(ZrO2), niobium oxide (Nb2O5), and yttrium oxide (Y2O3) are satisfactory examples from the 

heritage of liquid or solid-state DSSCs, since most of these materials suppress interfacial 

recombination at the primary metal oxide electrode. Moreover, new types of charge selective 

contacts (such as metal nitrides) are also waiting to be explored for applications in perovskite 

solar cells.[171]  
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4. Outlook 

A better understanding of the surface and interfaces of polycrystalline perovskites, combined 

with the development of rational passivation routes are needed to fully unlock the high intrinsic 

electronic quality offered by perovskites. These are essential steps to approach the Shockley-

Queisser performance limit, as well as to increase the stability of devices, which will be critical 

for possible market entry of perovskites. So far, the majority of the reported passivation 

techniques have been empirical. Although an increasingly wide spectrum of materials and 

techniques has been reported to reduce carrier recombination in perovskite materials and 

devices, quantifying the defects that are causing recombination remains challenging. Exploring 

new and rapid spectroscopic and modeling techniques specifically geared toward understanding 

the passivation effect might be important in such work.  Typical electrical characterization of 

microelectronic semiconductors can find difficult applications with perovskites, due to the 

characteristic ion migration and alteration of optoelectronic properties under an external electric 

field. Nevertheless, space-charged limited current (SCLC) was used in many reports to quantify 

traps densities in perovskite single crystals and later by others for thin films. However, 

quantifying the density of the defects precisely before and after passivation is even more 

challenging from an experimental point of view. In this direction, DLTS measurements give 

fruitful insight. Still, due to the intrinsic nature of perovskites, quantifying the capture cross 

section of minority carriers remains an open challenge. Finally, many works referred to PL 

(either time-resolved or steady state) as a useful tool to qualitatively investigate the perovskite 

defects. However, PL investigations are limited to radiative recombination, leaving the non-

radiative component an open challenge. 

On device level, the most critical parameter is arguably FF, which demands (passivating) 

contact stacks that simultaneously lead to low resistive and recombination losses. Taking 

inspiration from this point, a deeper understanding of factors that contribute to the contact 
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resistivity of perovskite devices (such as Fermi-level pinning, the presence of thermionic 

barriers, as well the importance of chemical versus field-effect passivation) may give critical 

insights and lead the way to new types of contact stacks. Additional criteria to be considered 

for effective contact stacks is the minimizing of parasitic light absorption and maximizing of 

light coupling into the perovskite absorber. To fulfil these, engineering of the optical properties 

of the passivating contact stack will be of extreme importance, especially for ultra-high 

efficiency devices such as perovskite-based tandem cells. 

As stated, long-term stability of perovskite devices is another sought-after milestone if this 

technology aims to enter the conventional PV market. In this review, we presented passivation 

routes that result in increased device lifetimes on the shelf and under accelerated degradation 

conditions. For commercialization, Pb-free perovskites, using Sn (or others) as a divalent 

cation, may be necessary. This change will raise new concerns regarding the passivation of 

defects originating from O-sensitive Sn2+ cations. Therefore, passivation of Sn-containing 

perovskites also should be considered. Besides this, scaling-up of perovskite solar cells requires 

large-area compatible deposition techniques; vacuum-based deposition techniques can here be 

counted to be particularly attractive. To approach market readiness, more realistic stability tests 

will also be required to further prove the effectiveness of passivation techniques. 

Next, most currently reported passivation techniques in the literature target the healing of only 

one specific defect. For long-term stability, research needs to focus on complete, ‘holistic’ 

passivation schemes, including bulk, contact, interface, and GB passivation. Finally, we point 

out the passivation schemes highlighted in this review can also be utilized for performance 

improvement of perovskite-based, light-emitting diodes, field-effect transistors, and other 

electronic devices. 
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